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INTRODUCTION 

This  handbook  will  assist  aircraft  design  and  cer¬ 
tification  engineers  in  protecting  aircraft  against  the 
direct  and  indirect  effects  of  lightning  strikes,  in  com¬ 
pliance  with  Federal  Aviation  Regulations  pertaining 
to  lightning  protection.  It  is  also  intended  to  assist 
FAA  certifying  engineers  in  assessing  the  adequacy  of 
proposed  lightning  protection  designs.  It  will  also  be 
useful  for  designers  of  major  subsystems,  such  as  en¬ 
gines  and  electrical  and  avionics  systems, 

This  is  the  second  handbook  of  this  type.  The 
first  such  handbook,  also  entitled  Lightning  Protec¬ 
tion  of  Aircraft  by  F.A.  Fisher  and  J.A.  Plurner,  was 
published  in  1976  by  the  National  Aeronautics  and 
Space  Administration  as  NASA  RP-1008.  Since  that 
book  was  published  there  have  been  major  advances 
in  protection  techniques,  standards  and  test  practices, 
particularly  in  those  dealing  with  the  indirect  electro¬ 
magnetic  effects  of  lightning. 

This  new  handbook,  which  was  commissioned  by 
the  FAA  in  1986,  was  originally  intended  to  be  an  up¬ 
dated  version  of  NASA  RP-1008 ,  but  as  the  project 
evolved,  it  became  evident  that  additional  topics,  not 
included  in  the  earlier  book,  should  be  incorporated 
and  that  much  of  the  original  material  needed  to  be 
completely  rewritten  and  expanded. 

The  book  is  organized  along  the  same  general  lines 
as  the  earlier  work,  with  the  first  half  dealing  with 
the  direct  effects  (burning  and  blasting)  of  lightning 
and  the  second  half  dealing  with  the  indirect  effects 
(electromagnetic  induction  of  voltages  and  currents) 
of  lightning. 

Among  the  new  material  found  in  this  book  are 
two  chapters  dealing  with  basic  technologies  and  phys¬ 
ical  concepts.  The  first  of  these,  Chapter  1  -  An  Intro¬ 
duction  to  High  Voltage  Phenomena ,  deals  with  the 
nature  of  high  voltage  electrical  sparks  and  arcs  and 
with  related  processes  of  electric  charge  formation,  ion¬ 
ization,  and  spark  propagation  in  air.  All  of  these  are 
factors  that  affect  the  way  that  lightning  leaders  attach 
to  an  aircraft  and  the  way  that  the  hot  return  stroke 
arc  affects  the  surface  to  which  it  attaches.  The  ma¬ 
terial  introduces  practices  and  terms  used  for  many 
years  in  the  electric  power  industry,  but  which  are 
not  commonly  studied  by  those  dealing  with  aircraft. 
Those  terms  and  practices  have,  however,  affected  the 
tests  and  practices  used  to  evaluate  the  direct  effects 
of  lightning  on  aircraft. 

The  second,  Chapter  9  -  Elementary  Aspects  of 
Indirect  Effects ,  reviews  some  of  the  electromagnetic 
phenomena  that  govern  induction  of  voltages  and  cur¬ 
rents  by  electromagnetic  fields  and  introduces  some 
of  the  terms  and  mathematical  concepts  encountered 


in  analytic  treatments  of  the  indirect  effects  of  light¬ 
ning.  The  chapter  is  not  intended  as  a  complete  review 
of  electromagnetic  theory,  but  some  subjects  occur  so 
often  in  treatments  of  indirect  effects  that  it  seemed 
better  to  review  them  all  at  once,  and  in  some  detail, 
rather  than  introducing  them  piecemeal  in  subsequent 
chapters. 

The  user  of  this  handbook  is  urged  to  study 
these  two  introductory  chapters  before  proceeding 
with  other  sections  of  the  book.  The  treatment  of 
these  topics  begins  on  an  elementary  level  and  is  aided 
by  simple  illustrations  which  should  enable  those  with 
only  a  limited  background  in  electricity  to  proceed  to 
an  adequate  understanding  of  important  principles. 

Other  topics  not  found  in  NASA  RP-1008  include 
a  review  of  intra-cloud  lightning  phenomenology  and 
the  triggering  of  lightning  flashes  by  aircraft  (Chapters 
3  and  10),  the  topic  of  considerable  research  during  the 
years  1980-1987,  a  more  thorough  description  of  the 
procedural  steps  in  lightning  protection  design  and  cer¬ 
tification  (Chapter  5),  and  a  more  complete  treatment 
of  protection  design  methods  for  advanced  composite 
materials  and  structures  (Chapter  6).  This  latter  area 
received  only  brief  treatment  in  NASA  RP  1008,  there 
being  little  practical  experience  with  these  materials 
at  the  time  that  book  was  published.  Advanced  com¬ 
posites  have  since  become  widely  employed  in  fixed 
wing  aircraft  and  rotorcraft,  and  efficient  methods  of 
protecting  them  from  lightning  damage  have  evolved. 
The  new  material  on  certification  includes  a  discussion 
of  the  steps  to  be  followed  in  reaching  and  verifying 
protection  for  flight  critical  electrical  and  avionic  sys¬ 
tems,  such  as  full  authority  digital  electronic  controls, 
FADEC.  These  steps  are  presently  being  formalized  in 
a  new  FAA  regulation  and  advisory  circular. 

Finally,  new  material  on  indirect  effects  tests 
methods  is  presented,  in  Chapter  18.  This  is  another 
area  where  considerable  improvements  have  been  made 
since  publication  of  NASA  RP  1008,  though  future  im¬ 
provements  are  expected  to  continue. 

Elsewhere,  the  handbook  is  organized  in  a  similar 
fashion  to  NASA  RP-1008,  with  chapters  on  Natural 
Lightning  ( Chapter  2),  Aircraft  Lightning  Attachment 
Phenomena  (Chapter  3)  and  Lightning  Effects  on  Air¬ 
craft  (Chapter  4).  Users  should  be  familiar  with  these 
topics  before  proceeding  with  design  and  verification 
tasks. 

Chapter  5,  The  Certification  Process  begins  with 
a  description  of  FAA  airworthiness  regulations  per¬ 
taining  to  lightning,  followed  by  a  description  of 
the  standardized  external  lightning  environment,  the 
method  of  applying  this  environment  to  an  aircraft, 
and  the  remaining  steps  in  protection  design  and  ver¬ 
ification.  Experience  has  shown  that  designs  evolved 
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in  this  way  have  a  high  probability  of  success. 

Methods  of  protection  of  airframes  and  fuel  sys¬ 
tems  against  physical  damage  and  fuel  ignition  are  de¬ 
scribed  in  Chapters  6  and  7,  respectively.  Fuel  va¬ 
por  ignition  remains  one  of  the  most  serious  lightning 
hazards,  and  should  be  given  careful  attention  in  any 
design  and  certification  program.  Since  much  of  an 
airframe  contains  fuel  in  direct  contact  with  struc¬ 
tural  elements,  the  topics  in  Chapters  6  and  7  are 
closely  related  and  should  be  studied  together.  As 
noted  in  these  chapters,  the  electrical  ignition  sources 
and  thresholds  within  aircraft  structures  are  not  eas¬ 
ily  identified  or  quantified  by  analyses  methods,  and 
so  tests  must  play  an  important  part  in  successful  de¬ 
sign  and  verification.  This  is  true  both  for  so-called 
“conventional”  metal  airframes  and  for  advanced  com¬ 
posite  structures. 

Chapters  8  through  17  focus  on  protection  of  elec¬ 
trical  and  avionic  systems  against  indirect  effects.  As 
with  all  aspects  of  electromagnetic  interference  and 
control,  the  control  of  damage  and  interference  from 
lightning  becomes  more  and  more  critical  as  aircraft 
evolve.  Most  of  the  navigation  and  control  functions 
aboard  modern  aircraft  place  a  computer  between  the 
pilot  and  the  control  surfaces,  often  without  mechan¬ 
ical  backup.  This  makes  it  essential  that  the  com¬ 
puter  and  control  equipment  be  designed  so  as  not 
to  be  damaged  or  unduly  upset  by  lightning.  Con¬ 
trol  of  these  indirect  effects  requires  coordination  be¬ 
tween  those  who  design  the  airframe  and  its  intercon¬ 
necting  wiring,  those  who  design  avionic  systems  and 
those  who  oversee  the  certification  process.  Part  of  the 
overall  control  process  requires  the  selection  of  tran¬ 
sient  design  levels  and  establishment  of  suitable  test 
standards  and  practices.  This  is  an  evolving  area  and 
there  is  still  work  to  be  done  in  ensuring  that  test  re¬ 
quirements  and  practices  are  truly  adequate  and  cost 
effective. 

Chapter  8  introduces  the  subject  of  indirect  ef¬ 
fects  and  briefly  discusses  the  subjects  covered  in  more 
detail  in  later  chapters.  Chapter  9,  as  mentioned,  cov¬ 
ers  a  number  of  subjects  common  to  the  subsequent 
chapters.  Chapter  10  covers  the  external  electromag¬ 
netic  field  environment  and  Chapters  11  and  12  cover 
the  way  that  these  fields  couple  to  the  interior  of  the 
aircraft.  These  four  chapters  are  the  most  analytically 
oriented  of  the  book. 


Chapter  13  discusses  experimental  methods  of 
studying  the  interaction  between  the  aircraft  and  the 
lighting  flash.  Chapter  14  discusses  some  of  the  prac¬ 
tical  problems  of  calculating  the  response  of  aircraft 
wiring  to  electromagnetic  fields.  Chapter  15  discusses 
shielding  of  aircraft  wiring  and  emphasizes  that  some 
of  the  shielding  and  wiring  practices  in  common  use  re¬ 
ally  provide  little  protection  from  the  electromagnetic 
fields  of  lightning  and  may  even  accentuate  problems. 
Chapter  16  discusses  some  of  the  policy  matters  re¬ 
lating  to  control  of  indirect  effects,  tasks  that  must 
be  undertaken  by  those  responsible  for  setting  overall 
design  practices.  Principally  these  relate  to  shielding 
and  grounding  practices  to  be  followed  and  to  transient 
design  level  specifications  to  be  imposed  on  vendors. 
These  are  not  subjects  that  can  be  controlled  by  indi¬ 
vidual  designers. 

Chapter  17  discusses  some  aspects  of  circuit  de¬ 
sign,  principally  those  relating  to  surge  protective  de¬ 
vices  and  methods  of  analyzing  the  damage  effects  of 
surge  voltages  and  components  on  electronic  devices. 

Control  of  lightning  indirect  effects  by  analysis 
can  only  be  carried  so  far;  proof  of  resistance  to  indi¬ 
rect  effects  is  most  likely  to  come  about  by  the  conduct 
of  tests  on  individual  pieces  of  equipment  and  on  inter¬ 
connected  systems.  Chapter  18  presents  an  overview  of 
verification  test  methods.  It  is  intended  to  describe  the 
approaches  that  can  be  applied  for  these  tests  and  to 
acquaint  the  certification  engineer  with  what  to  expect 
and  what  not  to  expect.  Practices  relating  to  testing 
are  still  evolving  and  the  chapter  discusses  some  areas 
where  work  is  still  needed  and  where  present  specifi¬ 
cations  may  require  testing  that  is  either  technically 
inadequate  or  excessively  costly. 

A  few  comments  on  personnel  safety  are  in  order. 
Lightning  tests  involve  the  generation  and  application 
of  very  high  voltages  and  currents  -  far  exceeding  the 
levels  employed  in  most  electrical  test  laboratories. 
They  also  far  exceed  lethal  levels  and  have  proven  fatal 
to  inexperienced  operators.  Lightning  tests  to  evalu¬ 
ate  or  verify  either  direct  or  indirect  effects  should  be 
performed  only  by  personnel  experienced  in  this  tech¬ 
nology.  This  test  methodology  is  beyond  the  scope  of 
this  handbook. 
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Chapter  1 


AN  INTRODUCTION  TO  HIGH  VOLTAGE  PHENOMENA 


1.1  Introduction 


Lightning  is  a  high  voltage  and  high  current  phe¬ 
nomenon  and  those  who  would  deal  in  protection 
against  it  should  have  some  basic  understanding  of  the 
physics  involved.  This  chapter  is  intended  to  introduce 
the  reader  to  the  general  physical  nature  of  electrical 
sparks  and  arcs,  and  to  provide  some  data  on  spark 
breakdown  characteristics  of  various  electrode  config¬ 
urations.  Partly,  the  material  is  given  to  introduce 
the  subject  of  lightning  phenomena  and  partly  to  il¬ 
lustrate  some  of  the  factors  that  must  be  considered 
during  tests  to  simulate  the  effects  of  lightning.  An 
understanding  of  high  voltage  phenomena  is  also  im¬ 
portant  when  discussing  when  and  where  aircraft  are 
struck  by  lightning  and  an  understanding  of  high  cur¬ 
rent  arc  phenomena  is  important  when  designing  air¬ 
craft  surfaces  to  withstand  the  effects  of  lightning. 

The  literature  on  high  voltage  phenomena  is  vast 
and  no  attempt  will  be  made  to  give  a  comprehensive 
review.  Most  of  the  works  are  to  be  found  in  pub¬ 
lications  aimed  at  the  electric  power  industry.  Some 
specific  works  that  deal  with  the  subject  will  be  cited, 
but  since  the  following  material  is  only  a  review,  no 
attempt  will  be  made  to  cite  references  for  each  point 
discussed.  Some  specific  works  that  might  be  reviewed 
include  [1.1]  for  a  general  review  of  the  mechanism  of 
breakdown  through  long  air  gaps,  [1.2  -  1.4]  for  a  very 
comprehensive  review  of  recent  investigations  on  the 
subject,  [1.5]  for  a  general  review  of  gas  discharge  phe¬ 
nomena  and  [1.6]  for  a  review  of  breakdown  voltages 
of  long  air  gaps. 

1.2  Initial  Ionization  Effects 

In  the  study  of  gas  discharges,  it  is  customary  to 
divide  the  phenomena  into  two  general  types:  those 
that  are,  and  those  that  are  not  self  sustaining.  Com¬ 
plete  breakdown  of  a  gas,  or  the  formation  of  a  spark 
between  two  electrodes,  is  a  transition  from  a  non¬ 
self-sustaining  discharge  to  one  of  several  types  of  self- 
sustaining  discharge.  Usually  it  occurs  with  explosive 
suddenness.  To  illustrate  some  of  the  phenomena  in¬ 
volved,  consider  Fig.  1.1,  which  shows  how  the  current 
between  two  electrodes  immersed  in  a  gas  depends  on 
the  voltage  between  the  electrodes.  In  the  space  be¬ 
tween  the  electrodes,  there  will  be  an  electric  field  E 
of  magnitude  proportional  to  the  applied  voltage,  the 


physical  dimensions  of  the  electrodes  and  the  distance 
between  them. 

Under  the  influence  of  light  and  other  radiation, 
such  as  X-rays,  cosmic  rays  or  radioactive  decay,  elec¬ 
trons  will  be  emitted  from  the  negative  electrode,  or 
cathode.  Electrons  may  also  be  released  in  the  gas 
by  the  radiation.  At  low  levels  of  voltage,  or  electric 
field,  all  the  electrons  will  drift  towards  the  positive 
electrode,  or  anode,  and  be  collected.  For  a  consider¬ 
able  range  of  voltages,  region  2  of  Fig.  1.1,  the  current 
will  remain  constant,  but  the  discharge  will  not  be  self- 
sustaining  since  the  current  will  cease  if  the  ionizing 
illumination  of  the  cathode  is  removed. 


ammeter 


anode 
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Fig.  1.1  Current-voltage  relations  in 
pre-spark  regions. 

(a)  Electrode  configuration 

(b)  V-I  characteristics 
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If  the  voltage  is  increased  into  region  3  of  Fig.  1.1, 
some  of  the  electrons  emitted  from  the  cathode  will 
collide  with  gas  molecules  with  sufficient  force  that  in 
some  of  these  collisions  an  electron  will  be  knocked 
from  the  molecule.  Where  there  was  one  electron, 
there  will  now  be  two  electrons  plus  one  positively 
charged  ion.  Both  electrons  will  then  move  under  the 
influence  of  the  field  and  will  in  turn  strike  more  gas 
molecules  and  liberate  still  more  electrons.  The  re¬ 
sult  is  an  electron  avalanche.  The  total  number  of 
electrons  produced  by  the  acceleration  of  a  group  of 
electrons  will  be 


N  = 


n0ead 

1  _  re"*-1 


(1.3) 


where  the  coefficient  T  is  the  generalized  secondary 
ionization  coefficient.  T  includes  the  a  process  con¬ 
sidered  by  Thompson,  but  also  other  processes  such 
as  the  action  of  positive  ions,  photons  and  metastable 
atoms  at  the  cathode.  Finally,  at  the  sparking  voltage 
V»,  the  gap  will  break  down  and  the  voltage  will  col¬ 
lapse.  A  criterion  for  breakdown,  or  the  achievement 
of  a  self-  sustaining  breakdown,  would  be  that 


N~  =  n^eai  (1.1) 

where  N~  is  the  final  number  of  electrons,  n0  is  the 
number  of  initial  electrons  and  d  is  the  distance  tra¬ 
versed.  The  discharge  will  still  not  be  self-sustaining 
since  if  the  source  of  ionization  is  removed  the  current 
will  cease. 

The  quantity  a  is  called  Thompson’s  first  ioniza¬ 
tion  coefficient  and  indicates  the  number  of  electrons 
produced  by  a  single  electron  traveling  a  distance  of  1 
cm.  It  depends  on  the  density  of  the  gas  and  on  the 
strength  of  the  electric  field.  The  electric  field  deter¬ 
mines  how  much  the  electrons  are  accelerated  and  the 
gas  density  determines  how  far  an  electron  may  move 
before  it  collides  with  a  gas  molecule  and  liberates  an¬ 
other  electron.  It  follows  that  an  electron  avalanche 
will  proceed  faster  in  dense  than  in  rarified  gas.  The 
molecules  from  which  electrons  axe  liberated  will  be 
left  with  a  positive  charge  and  will  be  accelerated  in 
a  direction  opposite  to  the  electrons,  but  their  mass 
is  much  more  than  the  mass  of  the  electrons,  so  they 
move  much  more  slowly. 

If  the  voltage  is  increased  into  region  3  the  current 
begins  to  depart  from  the  simple  exponential  law  of 
Eq.  1.1.  Thompson  ascribed  the  increased  current  to 
ionization  resulting  from  the  motion  of  the  positively 
charged  molecules,  and  considered  the  total  current 
to  have  two  components,  one  due  to  the  motion  of 
electrons,  Eq.  1.1,  and  one  due  to  the  motion  of  the 
positively  charged  particles  and  governed  by  a  similar 
relationship. 

N+  =  (1.2) 

where  AT+  is  the  final  number  of  positively  charged 
particles,  njf  is  the  initial  number  and  d  is  the  distance 
traversed. 

The  quantity  0  was  designated  Thompson’s  sec¬ 
ond  ionization  coefficient.  It  is  now  known  that  ioniza¬ 
tion  by  positive  ions  is  insufficient  to  account  for  the 
increased  current  in  region  3  of  Fig.  1.1.  Instead,  the 
number  of  electrons  is  taken  to  be 


(1.4) 

If  this  criterion  is  met,  the  initial  source  of  ioniza¬ 
tion  could  be  removed  and  the  current  would  continue 
to  increase  to  a  value  limited  only  by  the  impedance 
of  the  external  circuit. 

Eqs.  1.3  and  1.4  include  the  effect  of  an  attach¬ 
ment  coefficient  rj  since  there  are  factors  that  act  to 
capture  electrons.  The  ionization  and  attachment  co¬ 
efficients  are  shown  on  Fig.  1.2.  Below  25  kV/m  the 
attachment  coefficient  is  the  larger,  hence  an  avalanche 
cannot  develop  in  a  field  less  than  25  kV/m.  This 
curve  relates  to  standard  sea  level  atmospheric  condi¬ 
tions.  Effects  of  non-standard  conditions  tore  discussed 
in  §1.5.5. 


1.3  Streamer  Effects 

The  breakdown  criterion  of  Eq.  1.4,  though  con¬ 
ceptually  simple,  is  seldom  used  since  the  process  is 
much  more  complicated.  Breakdown  is  instead  as- 
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cribed  to  the  growth  of  a  streamer  that  leads  to  ion¬ 
ization  in  the  gas  and  is  separate  from  any  processes 
taking  place  at  the  electrodes.  Whether  the  streamer 
leads  to  a  complete  breakdown  between  two  electrodes, 
or  is  confined  to  the  localized  discharges  called  corona 
depends  to  a  considerable  extent  on  how  the  electric 
field  is  distributed  across  the  entire  gap.  The  localized 
corona  discharge  will  be  considered  first.  It  occurs 
when  only  the  region  around  the  electrode  is  highly 
stressed;  that  is,  exposed  to  a  sufficiently  high  electric 
field,  25-30  kV/cm. 


1.4  Corona 

Corona,  Fig.  1.3,  is  a  glow  discharge  that  forms 
around  conductors  when  the  surface  voltage  gradient 
(rate  of  change  of  voltage  with  distance  normal  to  the 
surface  of  the  electrode)  exceeds  a  critical  level,  about 
30  kV/cm  in  air  at  sea  level  atmospheric  pressure.  It 
can  also  form  on  grounded  objects  exposed  to  a  high 
electric  field  from  some  remote  source  such  as  high 
voltage  conductors  or  charged  thunderstorm  clouds. 
It  also  forms  on  the  masts  of  ships  and  on  the  ex¬ 
tremities  of  aircraft  when  they  are  charged  by  flying 
through  clouds.  Then  the  phenomenon  is  commonly 
called  St.  Elmo’s  fire,  but  the  mechanism  is  the  same 
as  that  observed  on  high  voltage  conductors.  Corona 
is  a  localized  discharge,  but  can  be  the  precursor  to 
complete  breakdown,  and  can  be  a  prolific  source  of 
interference  in  radio  receivers. 


negative  electrode  need  not  be  directly  connected  to 
a  power  source  however;  the  electric  field  may  be  cre¬ 
ated  by  induction  from  other  charged  electrodes.  Con¬ 
sideration  of  where  the  other  electrodes  are  located 
is  rather  academic  since  the  important  matter  is  the 
electric  field  in  the  immediate  region  of  the  conductor 
upon  which  corona  is  formed. 


electrode 
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Fig.  1 .4  Motion  of  fin  electron  in  a 
negative  field. 

Because  of  some  initial  ionization  process,  an  elec¬ 
tron  is  liberated  in  the  gap.  Under  the  influence  of 
the  electric  field  the  electron  is  repelled  away  from 
the  electrode.  As  it  is  repelled,  it  collides  with  the 
gas  molecules  and  a  flood  of  other  electrons  is  trig¬ 
gered  by  the  avalanche  process  described  in  §1.1.  This 
leaves  a  cloud  of  mixed  positive  and  negative  charge, 
Fig.  1.5(a).  The  electric  field  forces  the  electrons  away 
from  the  space  where  the  avalanche  is  formed  and  so 
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Fig.  1.3  Corona. 


1.4.1  Negative  Corona  Processes 

The  negative  corona  process  occurs  when  the  elec¬ 
trode  upon  which  the  corona  forms  is  subjected  to  a 
sufficiently  large  negative  electric  field,  a  negative  field 
being  defined  as  one  in  which  an  electron  in  the  space 
around  the  electrode  is  forced  away  from  the  electrode, 
Fig.  1.4.  A  common  situation  involves  the  electrode 
being  connected  to  the  negative  terminal  of  a  power 
supply  while  the  positive  terminal  is  grounded.  The 
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Fig.  1.5  Mot  ion  of  ions  for  negative  corona. 
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the  slower  and  more  immobile  positive  ions  are  left 
behind,  as  shown  in  Fig.  1.5(b).  The  electrons  im¬ 
mediately  attach  to  neutral  ions,  usually  oxygen,  and 
form  negative  ions. 

The  electric  field  in  the  gas  depends  on  all  the 
charge,  the  charge  that  is  on  the  electrode  and  the 
charge  that  is  in  the  space  around  the  electrode.  In 
the  space  beyond  the  positive  ions  the  electric  field  is 
the  sum  of  that  produced  by  the  negative  charge  on 
the  electrode  and  the  positive  charge  in  the  space  ad¬ 
jacent  to  the  electrode.  The  result  is  that  the  electric 
field  in  the  space  beyond  the  positive  ions  is  reduced 
and  the  ionization  process  stops  until  the  positive  ions 
have  been  swept  into  the  cathode  and  the  negative 
ions  have  been  moved  away  from  the  cathode  and  into 
the  surrounding  space,  possibly  being  collected  by  the 
anode  if  it  is  nearby. 

After  the  charges  have  been  swept  away,  1.5(c), 
the  process  may  repeat,  but  if  the  electric  field  at  the 
tip  of  the  cloud  of  positive  ions  is  not  sufficient  to 
cause  further  ionizing  collisions  the  streamers  will  not 
extend  further  into  the  gap.  This  condition  exists  in 
divergent  fields,  those  in  which  the  stress  is  localized, 
such  as  the  sharp  pointed  electrode  of  Fig.  1.6(a). 

In  a  uniform  field,  such  as  that  between  the  two 
flat  electrodes  shown  on  Fig.  1.6(b),  whenever  the 
electric  field  at  the  electrode  reaches  a  critical  gradi¬ 
ent,  the  same  critical  gradient  will  exist  all  the  way 
across  the  gap.  As  a  result  the  corona  will  not  re¬ 
main  localized,  but  will  invariably  grow  and  lead  to 
complete  breakdown. 
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Fig.  1.6  Divergent  (a)  and  uniform 
(b)  electric  fields. 


The  critical  gradient  at  which  corona  is  initiated 
is  about  30  kV /cm  at  sea  level  conditions,  though  the 
gradient  does  depend  somewhat  on  the  physical  size 
find  shape  of  the  electrodes.  In  a  more  rarified  gas  the 
critical  gradient  would  be  lower  than  30  kV/cm,  the 
governing  factor  being  the  density  of  the  gas.  Refer¬ 
ence  data  relating  density  (pressure  and  temperature) 
to  altitude  is  available  in  standard  handbooks  [1.7].  At 
an  altitude  of  10  000  ft.  the  critical  gradient  would  be 
about  22  kV/m. 

Corona  is  visible  because  light  is  emitted  at  the 
tip  of  the  discharge  as  ions  are  bombarded  and  the 
collisions  raise  the  impacted  atoms  to  a  higher  energy 
state.  Later,  the  excited  atoms  may  revert  to  their 
normal  lower  energy  state  and  as  they  do,  the  excess 
energy  is  radiated  as  electromagnetic  waves,  some  of 
the  radiation  occurring  in  the  visible  band  and  appear¬ 
ing  as  light.  The  light  ceases  as  soon  as  the  bombard¬ 
ment  stops  and  the  charged  ions  are  swept  away.  The 
charge  itself  is  not  visible.  The  visible  light  that  is 
emitted  is  predominantly  blue.  It  is  also  rich  in  ul¬ 
traviolet  and  can  be  photographed  much  more  readily 
through  a  quartz  lens  than  a  conventional  glass  lens. 

The  negative  corona  process  may  manifest  itself 
as  a  train  of  individual  pulses,  called  Trichel  pulses 
after  an  early  investigator  of  the  phenomenon.  It  may 
also  manifest  itself  as  a  pulseless  glow  or  as  negative 
streamers.  Trichel  streamers  extend  about  1  cm  away 
from  the  electrode  and  each  one  produces  a  current 
pulse  of  amplitude  varying  from  1  x  10-8  A  at  point 
electrodes  to  2  x  10~2  A  at  large  electrodes. 

The  discharge  propagates  for  up  to  20  ns  (20  x 
10-9  sec)  before  being  choked  off  by  the  space  charge. 
Current  rise  times  are  between  25  and  50  ns,  with  half¬ 
value  widths  about  twice  that  long.  Because  the  pulses 
are  short,  they  can  lead  to  radio  noise  over  a  very  wide 
band  of  frequencies.  If  the  field  strength  increases,  the 
rate  at  which  the  Trichel  pulses  are  formed  increases. 
The  maximum  frequency  of  the  pulses  has  been  re¬ 
ported  as  2  kHz  for  an  8-mm  sphere  and  3  MHz  for  a 
30  degree  conical  point. 

After  the  Trichel  pulses  reach  their  maximum  fre¬ 
quency,  a  pulseless  glow  forms  around  the  electrode. 
Under  these  conditions  the  discharge  current  becomes 
essentially  dc  and  ceases  to  emit  radio  noise.  As  the 
electric  field  is  increased  even  further,  negative  stream¬ 
ers  appear  and  extend  out  from  the  electrode  sev¬ 
eral  centimeters.  The  current  consists  of  pulses  su¬ 
perimposed  on  a  quasi-steady  state  current  with  the 
rise  times  of  the  pulses  being  on  the  order  of  0.5  /xs 
(0.5  x  10~6  sec).  The  visual  appearance  of  the  corona 
pulses  and  the  shape  of  the  current  pulses  are  sketched 
on  Fig.  1.7. 
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Fig.  1.7  Negative  corona. 


1.4.2  Positive  Corona  Processes 

Positive  corona  occurs  when  the  electric  field  at 
the  surface  of  the  electrode  is  positive,  either  because 
the  electrode  is  energized  with  positive  voltage  or  be¬ 
cause  it  is  grounded  and  in  the  electric  field  produced 
by  an  electrode  energized  with  negative  voltage.  It  has 
many  of  the  same  characteristics  as  negative  corona, 
but  the  electrons  and  positive  ions  are  accelerated  in 
the  opposite  direction.  The  mechanism  is  illustrated 
on  Fig.  1.8.  The  amplitude  of  the  current  pulses 
is  generally  much  larger  than  occurs  with  negative 
corona,  but  the  pulses  do  not  occur  with  as  high  a  rep¬ 
etition  rate.  The  initial  electron  is  drawn  towards  the 
positive  electrode  and  the  positive  ions  formed  by  colli¬ 
sion  are  repelled  away  from  the  positive  electrode.  The 
field  strength  at  the  surface  of  the  electrode  diminishes 
and  the  discharge  stops  until  the  charged  particles  are 
swept  from  the  space  around  the  electrode.  The  elec¬ 
tric  field  beyond  the  cloud  of  positive  ions  is  enhanced 
because  it  responds  both  to  the  positive  charge  on  the 
electrode  and  to  the  positive  space  charge.  In  this  re¬ 
spect  it  is  unlike  the  negative  case  where  the  positive 
space  charge  acts  to  lower  the  intensity  of  the  field  pro¬ 
duced  by  the  negative  charge  on  the  electrode.  This 
enhanced  field  helps  a  positive  streamer  to  propagate 
farther  than  would  a  negative  streamer. 

The  positive  coronas  have  three  distinct  forms; 
onset  pulses,  Hermstein’s  glow  and  positive  streamers. 
Onset  pulses  appear  as  streamers  in  a  stem  with  some 
branching,  and  a  high  repetition  rate  gives  the  corona 
a  brushlike  appearance.  From  an  8-nun  sphere  cur¬ 
rent  amplitudes  have  been  measured  at  0.25  A.  Mean 
rise  time  is  30  ns  and  mean  decay  time  is  about  100  ns. 
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Fig.  1.8  Motion  of  ions  for  positive  corona. 


The  maximum  repetition  rate  is  about  200  Hz  for  large 
electrodes  and  2000  Hz  for  point  electrodes.  The  some¬ 
what  longer  rise  and  decay  times  might  imply  that  the 
pulses  produce  less  radio  interference  than  negative 
corona  pulses,  but  the  higher  amplitude  of  the  current 
pulses  makes  the  absolute  interference  levels  higher. 

As  the  voltage  is  increased  the  corona  glow  forms 
an  ionizing  layer  (Hermstein’s  glow)  and  the  discharge 
current  consists  of  small  ripples  at  a  frequency  of  up  to 
2  x  10s  Hz  superimposed  on  a  quasi-dc  current.  As  the 
voltage  is  increased  still  further  the  streamers  rapidly 
extend  even  further,  the  velocity  of  propagation  being 
20  to  2000  cm/ ns. 

Sketches  of  positive  corona  and  the  current  wave¬ 
shapes  are  shown  on  Fig.  1.9. 
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Fig.  1.9  Positive  corona. 


1.5  Breakdown  Processes  In  Air  Gaps 

It  is  a  common  misconceptiou  that  the  breakdown 
strength  of  air  is  about  30  kV/cm  or  3  MV/m.  That 
figure  is  indeed  about  the  electric  field  gradient  at 
which  corona  will  begin  to  form  and  it  is  the  intrinsic 
breakdown  strength  of  short  air  gaps  contained  be¬ 
tween  electrodes  carefully  contoured  to  eliminate  any 
regions  where  the  local  electric  field  strength  is  greater 
than  30  kV/cm.  Such  electrodes  are  usually  found 
only  in  laboratories.  With  practical  gap  geometries, 
and  particularly  with  gap  geometries  greater  than  a 
few  centimeters  in  extent,  it  is  much  more  realistic 
to  assume  the  average  breakdown  strength  of  air  un¬ 
der  lightning  conditions  to  be  about  5  kV/cm  or  500 
kV/m.  With  longer  duration  waveforms  the  average 
breakdown  strength  may  be  more  on  the  order  of  3 
kV/cm.  With  short  duration  pulses  the  breakdown 
strength  may  be  much  more  than  5  kV/cm,  but  such  a 
condition  usually  means  only  that  a  developing  break¬ 
down  has  not  had  sufficient  time  to  progress  to  final 
breakdown.  With  a  large  gap,  such  as  found  around 
an  aircraft  in  flight,  any  place  the  macroscopic  electric 
field  has  a  gradient  greater  than  500  •  600  kV/m  is 
a  place  where  one  can  assume  that  a  breakdown  is  in 
process  or  is  about  to  be. 

The  following  material  will  illustrate  why  the 
breakdown  strength  of  air  has  this  surprisingly  (to 
some)  low  value.  The  section  will  discuss  the  con¬ 
ditions  under  which  corona  streamers  can  continue  to 
grow  until  a  gap  is  completely  bridged.  It  will  dis¬ 
cuss  the  mechanism  by  which  the  streamers  develop  in 


a  gap  to  which  voltage  is  suddenly  applied  and  show 
how  it  is  different  if  voltage  is  gradually  raised.  It  will 
also  discuss  conditions  if  the  applied  voltage  has  a  de¬ 
caying  tail  and  explain  both  how  front  and  tail  times 
affect  how  fast  the  breakdown  progresses  and  explain 
how  this  leads  to  a  volt-time  or  time-lag  effect. 

The  basic  aim  of  the  section  will  be  to  provide 
tutorial  material  with  an  emphasis  on  physical  un¬ 
derstanding  of  electrical  arcs  used  in  testing,  of  light¬ 
ning  phenomena  and  how  lightning  interacts  with  air¬ 
craft.  It  will  deal  only  with  air  at  near  sea  level  at¬ 
mospheric  pressure  and  mainly  with  electrodes  spaced 
so  far  apart  that  the  field  between  them  is  far  from 
uniform  and  in  which  the  metal  of  the  electrodes  and 
the  vapor  from  them  can  play  no  significant  part  in 
the  breakdown  process. 

Also,  the  section  will  focus  on  the  phenomena  that 
occur  when  the  electrodes  are  directly  connected  to 
a  voltage  source  that  supplies  the  energy  necessary 
for  the  development  of  the  arc  and  the  electric  field 
through  which  it  propagates.  On  an  aircraft  the  dis¬ 
charge  may  originate  at  the  aircra't  and  the  energy 
necessary  for  the  development  of  the  arc  must  be  ex¬ 
tracted  from  the  pre-existing  electrical  field.  There 
are  some  differences  in  the  two  processes  and  these 
differences  are  discussed  in  Chapter  3. 

1.5.1  Type*  of  Surge  Voltage 

When  discussing  the  breakdown  strength  of  air  it 
is  common  practice  to  refer  to  lightning  surges,  switch¬ 
ing  surges  and  power  frequency  voltages.  The  terms 
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have  their  origin  in  the  electric  power  field,  to  which 
most  studies  of  breakdown  strength  of  air  gaps  have 
been  directed.  For  continuity,  the  terms  will  be  re¬ 
tained  here,  though  they  are  not  particularly  apt  in 
relationship  to  aircraft. 

Surges  having  front  times  measured  in  a  few  mi¬ 
croseconds  and  decay  times  measured  in  a  few  tens 
of  microseconds  are  commonly  called  lightning  surges 
since  surges  induced  on  power  lines  by  lightning  have 
such  waveshapes.  Other  mechanisms  can,  of  course, 
also  produce  surges  of  such  waveshapes. 

Switching  surges,  as  their  name  implies,  arise  on 
power  lines  through  the  operation  of  switches  and  cir¬ 
cuit  breakers.  They  are  characterized  by  front  times 
measured  in  tens  and  hundreds  of  microseconds  and 
decay  times  measured  in  hundreds  and  thousands  of 
microseconds.  Such  times  are  also  involved  as  a  light¬ 
ning  flash  propagates  towards  or  away  from  an  aircraft. 

Power  frequency  voltages  primarily  relate  to  50 
or  60  Hz  energization  of  transmission  lines  and  wifi 
be  given  only  passing  consideration  in  the  following 
material. 

Nuclear  effects,  NEMP,  may  lead  to  surges  mea¬ 
sured  in  tens  of  nanoseconds,  but  they  are  beyond  the 
scope  of  the  following  material. 

A  distinction  is  also  made  between  the  terms  surge 
and  impulse.  Accepted  practice  is  to  use  surge  to  refer 
to  a  voltage  produced  at  random  by  nature  and  im¬ 
pulse  to  refer  to  a  voltage  or  current  produced  under 
controlled  conditiona  in  a  laboratory.  For  even  more 
precision  the  terms  lightning  impulse  and  switching 
impulse  are  uaed. 

1.5.2  Waveform  Definitions 

Voltages  and  currents  tend  to  have  different  wave¬ 
shapes,  both  because  of  the  nature  of  physical  pro¬ 
cesses  and  because  of  the  intrinsic  behavior  of  testing 
machinery. 

Voltage  impulses:  Voltage  impulses  used  in  high  volt¬ 
age  testing  and  research  most  commonly  have  double 
exponential  waveshapes,  as  illustrated  on  Fig.  1.10(a). 
They  are  described  approximately  by  an  equation  of 
the  form 

E  -  Eh(e— ' '  -  e-*).  (1.5) 

Double  exponential  waveshapes  are  used  because  they 
have  the  general  characteristics  of  natural  surges  (fast 
front  times  and  slower  decay  times)  and  can  be  pro¬ 
duced  by  basically  simple  (though  expensive)  capaci¬ 
tor  and  resistor  networks.  Principles  of  such  machines 
are  described  in  §6.8.  Double  exponential  waveforms 
are  characterized  by  their  peak  amplitude,  front  time 


and  decay  time,  definitions  of  front  and  tail  time  being 
given  by  industry  standards  [1.8].  The  virtual  front 
time  is  taken  to  be  1.25  times  the  time  between  the 
30%  and  90%  points.  For  many  purposes  this  virtual 
front  time  is  a  better  characterization  of  the  effects  of 
the  impulse  than  the  time  to  actual  peak  because  it 
also  defines  the  effective  rate  of  rise  of  the  impulse. 
It  is  defined  by  the  30%  and  90%  points  rather  than 
the  10%  and  90%  used  in  electronic  practice  since  the 
initial  toe  of  the  impulse  is  frequently  distorted  be¬ 
cause  of  the  characteristics  of  the  impulse  generator. 
The  distortion  is  of  little  importance  as  regards  the 
effect  of  the  impulse,  but  can  lead  to  controversy  as  to 
when  the  impulse  reaches  its  10%  point.  Decay  time 
is  usually  taken  to  be  the  time  to  decay  to  50%  of 
the  peak  amplitude.  It  is  seldom  characterized  by  the 
time  to  decay  to  37%  (e-folding  time),  both  because 
the  50%  point  is  easier  to  determine  and  because  the 
shape  of  the  impulse  below  50%  is  seldom  of  impor¬ 
tance  in  studies  of  breakdown  characteristics. 

A  waveshape  commonly  used  in  the  electrical  in¬ 
dustry  is  a  1.2  x  50  ps  wave,  for  which  a  =  1.46  x  104 
and  0  —  2.475  x  10®,  time  being  measured  in  sec¬ 
onds.  The  constants  yield  a  wave  with  a  1.2  pa  front 
as  defined  by  industry  standards,  not  the  time  to 
absolute  peak  voltage.  Procedures  for  determining 
a,  0,  and  E0  in  Eq.  1.5  are  given  in  §9.10.1. 


Fig.  1.10  Waveshapes  for  testing. 

(a)  Double  exponential  wave 

(b)  Suppressed  oscillatory  wave 
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A  true  double  exponential  wave  can  only  be  pro¬ 
duced  by  a  surge  generator  having  one  type  of  energy 
storage  element,  inductance  or  capacitance.  If  the  gen¬ 
erator  has  two  types  of  energy  storage  element;  that  is, 
both  inductance  and  capacitance,  then  a  double  expo¬ 
nential  is  only  an  approximation  of  the  actual  output 
waveshape.  Capacitive  surge  generators  optimized  for 
high  voltages  usually  have  inductances  sufficiently  low 
that  the  output  can  be  described  quite  well  by  a  double 
exponential. 

Current  impulses:  Current  impulses  used  for  evaluat¬ 
ing  low  impedance  surge  protective  devices  often  have 
waveshapes  that  cannot  be  described  by  double  expo¬ 
nentials,  mostly  because  the  inductance  of  the  gener¬ 
ators  used  to  produce  the  surges  is  not  negligible.  A 
common  waveshape  is  shown  on  Fig.  1.10(b)  and  is 
described  approximately  as 

I  =  Jo  e~at  sin(iet).  (1-6) 

Frequently  the  nature  of  the  device  under  test  is  such 
that  only  the  first  half  cycle  of  the  current  is  produced. 
A  waveshape  commonly  used  has  an  8  [is  front  and  a 
20  /is  tail.  A  wave  having  that  particular  ratio  of  front 
to  tail  time  is  not  one  that  can  be  produced  by  a  dou¬ 
ble  exponential  surge  generator,  though  it  is  routinely 
produced  by  discharging  an  energy  storage  capacitor 
through  an  inductive  circuit. 

No  special  attempt  should  be  made  to  relate  the 
shape  of  surges  used  for  testing  insulation  to  the  shape 
of  the  surges  used  for  testing  surge  protective  devices, 
The  relationship  has  very  little  to  do  with  the  physical 
characteristics  of  lightning  or  of  naturally  occurring 
surges;  it  is  mostly  a  historical  matter  reflecting  the 
early  development  of  the  high  voltage  testing  art  and 
the  incorporation  of  common  practices  into  standards. 

Also,  one  should  not  consider  that  these  wave¬ 
shapes  necessarily  represent  the  shapes  of  natural 
lightning  currents  or  the  voltages  produced  by  light¬ 
ning.  They  are  intended  to  have  the  same  general  char¬ 
acteristics  (fast  fronts  and  longer  tails)  and  have  time 
scales  typical  of  those  produced  by  natural  lightning, 
but  they  are  only  standardized  waveshapes  used  for 
testing, 

1.5.3  Volt -Time  Curves 

Repeated  applications  of  voltage  do  not  always 
produce  the  same  pattern  of  flashover  and  if  the  volt¬ 
age  is  barely  sufficient  to  cause  breakdown,  some  ap¬ 
plications  of  voltage  will  cause  breakdown  and  others 
will  not.  Breakdown  is  thus  a  statistical  matter;  if  the 
voltage  is  low  the  probability  of  breakdown  is  low  and 
if  the  voltage  is  high  the  probability  is  greater. 


The  breakdown  voltage  also  depends  strongly  on 
waveshape.  In  general,  long  duration  voltages  will 
cause  breakdown  of  a  gap  at  lower  levels  than  will  be 
required  if  the  voltage  is  of  short  duration.  Short  du¬ 
ration  voltages  may  be  sufficient  to  initiate  the  break¬ 
down  process  rind  to  produce  intense  ionization  (and 
in  the  process  draw  large  currents  from  the  voltage 
source),  but  may  not  last  long  enough  to  cause  a  com¬ 
plete  breakdown.  Also,  the  current  drawn  by  the  de¬ 
veloping  breakdown  may  be  so  large  that  a  consider¬ 
able  amount  of  the  voltage  initially  applied  to  the  gap 
will  be  lost  in  the  impedance  of  the  test  circuit  exter¬ 
nal  to  the  gap.  This  loss  of  voltage  may  be  sufficient 
to  prevent  the  gap  from  breaking  down. 

Typical  waveshapes  that  could  be  observed  dur¬ 
ing  breakdown  testing  with  lightning  impulse  waves 
are  shown  on  Fig.  1.11.  In  the  figure  the  shape  of 
the  voltage  actually  developed  across  the  gap  is  shown 
by  the  heavy  line  while  the  shape  that  the  voltage 
would  have  if  it  were  not  interrupted  by  the  break¬ 
down  of  the  gap  is  shown  dotted.  This  latter  is  called 
the  prospective  voltage.  Accepted  terminology  defines 
full  waves  (FW)  as  those  that  do  not  lead  to  break- 


Fig.  1.11  Voltage  waveshapes. 

(a)  Full  wave 

(b)  Tail  chopped  wave 

(c)  Front  chopped  or  steep 
front  wave 


S 


down,  chopped  waves  or  tail  chopped  waves  (CW)  as 
those  causing  breakdown  after  the  voltage  has  begun 
to  decay  and  steep  front  (SF)  or  front  chopped  waves 
as  those  that  cause  breakdown  before  the  wave  reaches 
its  peak  prospective  voltage. 

If  repeated  applications  of  voltage  are  made,  start¬ 
ing  initially  at  a  low  level  and  then  increasing,  there 
can  be  found  a  level  below  which  no  breakdowns  occur, 
the  withstand  (WS)  level.  At  a  somewhat  higher  level 
breakdowns  will  occur  sometimes,  but  not  always.  If 
voltage  is  raised  still  further,  a  level  is  found  where 
50  percent  of  the  impulses  cause  breakdown,  the  crit¬ 
ical  flashover  (CFO)  level.  That  peak  voltage  level  is 
designated  TJ50,  from  the  German  Uberspannung  or 
overvoltage. 

With  short  gaps,  up  to  about  10  -  20  cm,  the 
breakdowns  will  occur  at  the  peak  of  the  voltage  wave, 
but  with  a  sufficiently  long  gap  the  breakdowns  will  oc¬ 
cur  after  the  voltage  has  reached  its  peak  and  started 
to  decay.  If  the  voltage  is  raised  still  further  break¬ 
down  occurs  at  earlier  times,  perhaps  before  the  volt¬ 
age  has  reached  its  peak  prospective  voltage.  Con¬ 
necting  the  breakdown  points  results  in  a  volt- time  or 
time-lag  curve,  Fig.  1.12.  For  breakdowns  that  occur 
after  the  voltage  has  begun  to  decay  the  point  plot¬ 
ted  is  the  maximum  voltage  and  the  time  at  which 
breakdown  occurs.  Fig.  1.13  shows  volt-time  curves 
measured  on  various  lengths  of  transmission  line  insu¬ 
lators.  Note  that  the  critical  flashover  voltage  is  about 
550  kV/m  and  that  much  higher  voltages  are  required 
to  produce  breakdown  at  short  times.  This  suggests 
that  breakdown  is  a  process  that  does  not  take  place 
instantaneously.  Research  indicates  that  this  is  so. 
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Fig.  1.12  Development  of  a  volt-time  or 
time  dag  curve. 


time  to  breakdown  us 
Fig.  1.13  Volt-time  curves  for  transmission 
line  insulators  [1.6]. 


1.5.4  Streamer  Development 

When  a  long  air  gap  (length  greater  than  about 
0.5  m)  is  stressed  with  a  positive  or  negative  impulse 
voltage  and  the  flashover  observed  with  a  camera  that 
is  able  to  observe  the  stages  of  the  breakdown  process, 
it  is  found  that  there  are  several  fairly  distinct  stages 
in  the  process.  These  are  the  formation  of  an  initial 
corona,  growth  of  a  leader,  and  a  final  jump  which 
culminates  in  the  development  of  a  highly  conducting 
channel. 

Initial  coronal  The  initial  burst  of  corona  takes  place 
from  the  energized  electrode  as  soon  as  the  electric 
field  at  the  tip  of  the  rod  reaches  about  30  kV/cm  and 
usually  this  takes  place  before  the  applied  voltage  has 
reached  its  maximum  value.  The  corona  forms  in  a 
small  fraction  of  a  microsecond  and  propagates  away 
from  the  electrode  very  rapidly,  several  meters  per  mi¬ 
crosecond  (m/'/is).  This  corona  discharge,  however, 
does  not  go  across  the  entire  gap  between  the  elec¬ 
trodes  unless  the  electrodes  are  close  together,  perhaps 
25  cm.  If  the  voltage  were  to  be  removed  the  discharge 
would  stop  and  there  would  be  no  breakdown. 

Streamer:  If  the  voltage  is  of  sufficient  magnitude  and 
is  maintained,  a  more  intense  and  more  localized  dis¬ 
charge  called  a  streamer  develops  out  of  this  initial 
corona  and  works  its  way  towards  the  grounded  elec¬ 
trode  in  a  manner  very  similar  to  that  of  lightning, 
as  discussed  in  Chapter  2.  Initially  this  leader  propa¬ 
gates  at  several  centimeters  per  microsecond  (cm/ps), 
much  slower  than  does  the  initial  corona,  and  carries 
a  current  of  about  100  A. 
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Leader  voltage:  The  voltage  drop  along  the  leader  is 
rather  small,  about  2  kV/cm,  making  the  resistance 
on  the  order  of  20  ohms  per  cm.  The  leader  is  thus 
sufficiently  conductive  that  it  acts  as  an  extension  of 
the  rod  and  the  result  is  that  most  of  the  applied  volt¬ 
age  is  impressed  across  the  unbridged  portion  of  the 
gap.  As  the  leader  progresses,  the  gradient  across  the 
unbridged  portion  of  the  gap  increases  and  the  leader 
progresses  faster  and  carries  more  current. 

Final  jump:  When  the  corona  ahead  of  the  leader  con¬ 
tacts  the  plane  a  more  conductive  channel  begins  to 
grow  through  the  leader  and  eventually  bridges  the 
entire  gap.  This  is  called  the  final  jump.  At  this  stage 
the  entire  gap  is  bridged  by  a  highly  conducting  chan¬ 
nel.  As  the  channel  carries  more  current  it  becomes 
hotter  and  more  conductive,  which  allows  it  to  carry 
more  current  and  become  hotter  still.  Eventually  the 
current  becomes  limited  by  the  external  circuit  and 
the  voltage  across  the  arc  collapses. 

Electrode  configurations:  The  characteristics  of  a 
breakdown  are  influenced  by  the  type  of  electrode, 
some  common  electrode  configurations  being  shown  on 
Fig.  1.14.  The  most  easily  studied  geometry  consists 
of  an  energized  sphere  or  rod  placed  above  a  grounded 
plane,  a  sphere  plane  or  rod  plane  configuration.  An¬ 
other  common  geometry  consists  of  two  rods,  one  en¬ 
ergized  and  the  other  grounded.  The  breakdown  pro¬ 
cess  in  such  a  rod-rod  gap  is  more  complicated  than 
in  a  rod-plane  gap  since  the  breakdown  develops  si¬ 
multaneously  from  each  rod,  one  of  which  is  energized 
positive  and  other  negative.  Sphere-sphere  electrodes 
are  used  in  studies  of  uniform  fields  and  can  be  used  as 
standard  electrodes  for  measurement  of  voltage.  When 


Fig.  1.14  Electrode  configurations. 

(a)  Sphere  to  plane 

(b)  Sphere  to  sphere 

(c)  Rod  to  plane 

(d)  Rod  to  rod 

high  voltage  tests  are  made  to  determine  the  points  at 
which  lightning  might  attach  to  an  aircraft,  the  geom¬ 
etry  approximates  that  of  a  rod  to  plane  configuration. 


Methods  of  observation:  Early  studies  of  breakdown 
phenomena  focussed  on  the  behavior  of  gaps  exposed 
to  lightning  impulse  voltages.  One  of  the  techniques 
used  for  the  studies  is  shown  on  Fig.  1.15.  The  figure 
shows  a  test  setup  in  which  a  positive  polarity  3  MV 
(megavolts  or  3  x  106  volts)  impulse  was  applied  to  a 
rod-rod  gap.  A  parallel  rod-rod  gap  out  of  the  field 
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Fig.  1.15  Study  of  rod-rod  breakdown. 
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of  view  of  the  camera  was  used  to  remove  the  voltage 
before  the  breakdown  in  the  gap  under  study  had  pro¬ 
gressed  to  completion.  By  adjusting  the  length  of  the 
parallel  gap  the  phenomena  in  the  gap  under  study 
could  be  observed  at  different  stages  in  the  develop¬ 
ment  of  the  breakdown.  A  photograph  of  the  early 
stages  of  breakdown,  Fig.  1.16,  shows  a  very  exten¬ 
sive  and  diffuse  set  of  tentacles  extending  from  the 
impulsed  electrode.  This  is  the  first  corona.  The  pho¬ 
tograph  was  taken  through  a  quartz  lens  which  passes 
more  of  the  ultraviolet  spectrum  than  does  a  conven¬ 
tional  glass  lens.  A  photograph  taken  with  a  glass  lens 
would  show  very  little  of  the  diffuse  corona. 


Fig.  1.16  Initial  corona. 

When  the  parallel  gap  was  made  longer  and  the 
discharge  allowed  to  progress  to  a  later  stage,  Fig. 
1.17,  one  portion  of  this  corona  bridged  the  entire  gap 
and  a  brighter  and  more  conducting  channel  began  to 
form  around  the  lower  (negative)  electrode  and  pro¬ 
gressed  into  the  space  bridged  by  the  corona.  This  is 
called  a  streamer.  Similar  streamers  develop  at  the 
upper  (positive)  electrode,  but  they  are  difficult  to  see 
through  the  corona.  When  the  breakdown  process  was 
allowed  to  progress  to  completion  the  breakdown  chan¬ 
nel  was  as  shown  on  Fig.  1.18.  At  the  center  of  the 
gap  cam  be  seen  the  region  where  the  downward  and 
upward  leaders  joined.  The  direction  of  propagation  of 
the  leaders  can  be  seen  by  the  faint  branches  extending 
to  the  side  of  the  main  channel. 

Streak  camera:  The  technique  of  using  a  parallel  gap 
to  interrupt  the  developing  breakdown  is  now  seldom 
used;  modem  technique  makes  use  of  streak  cameras. 
The  basic  principle  of  a  streak  camera  is  shown  on 
Fig.  1.19.  It  basically  consists  of  moving  the  lens 


Fig.  1.17  Growth  of  a  streamer. 


Fig.  1.18  Completed  breakdown. 

(mechanically  or  electronically)  while  the  breakdown 
is  in  process.  The  result  is  that  the  image  recorded  on 
the  film  is  spread  out  and  displayed  as  a  function  of 
time.  If  the  lens  is  moved  in  discrete  steps  (framing 
mode),  Fig.  1.19(a),  a  developing  breakdown  can  be 
photographed  as  a  series  of  instantaneous  snapshots. 
More  commonly  the  lens  is  moved  continuously  (streak 
mode),  Fig.  1.19(b),  and  the  image  is  blurred.  The 
luminous  head  of  the  leader  photographs  as  a  bright 
band  gradually  bridging  the  gap  while  other  luminous 
processes  show  as  a  band  behind  the  leader. 

Boys  camera:  An  early  camera,  called  the  Boys  cam¬ 
era,  after  the  inventor,  moved  the  lens  mechanically 
and  has  been  widely  used  to  study  the  breakdown  pro¬ 
cesses  in  lightning.  Modem  devices  achieve  the  same 
effect  electronically.  An  optical  image  is  formed  on  an 
electron  emitting  surface  and  the  electrons  from  that 
surface  are  focussed  with  an  electron  lens  (magnetic 
or  electrical)  onto  a  phosphorescent  screen  producing 
an  image  which  can  then  be  photographed  with  a  con- 
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vcntional  camera.  Generally  an  image  intensifier  sec¬ 
tion  is  used  to  amplify  the  image  and  make  it  possible 
to  display  phenomena  that  are  only  faintly  luminous. 
The  focused  beam  can  be  moved  by  deflection  plates 
similar  to  those  used  in  a  cathode  ray  tube. 


Fig.  1.19  Streak  and  framing  cameras. 


800  kV 


0  20  us 


Switching  impulses:  Recent  studies  (from  about 
1965)  have  mostly  focussed  on  the  mechanism  of 
breakdown  when  electrodes  are  exposed  to  switching 
impulses  since  it  has  been  found  that  such  impulses 
cause  flashovers  at  much  lower  voltages  than  do  light¬ 
ning  impulses.  Positive  impulses  produce  breakdown 
at  lower  voltage  than  negative  impulses  and  have  been 
the  most  studied.  Also,  the  studies  have  focussed  on 
the  behaviour  with  voltages  just  sufficient  to  cause 
breakdown  and  have  not  dealt  with  the  breakdown 
process  when  the  gap  is  subjected  to  overvoltages.  In 
this  respect  the  studies  have  differed  from  eariy  studies 
of  breakdown  with  lightning  voltages  where  the  influ¬ 
ence  of  excess  voltage  on  the  speed  of  breakdown  has 
been  important  to  design  of  insulation. 

Fig.  1.20,  adapted  from  Fig.  10  of  [1.1]  and  from 
[1.9],  shows  sketches  of  what  would  be  revealed  when 
viewing,  with  a  streak  camera,  the  breakdown  of  a 
rod-plane  gap  when  the  rod  is  energized  with  posi¬ 
tive  polarity  surges  of  the  indicated  waveshape.  Pho¬ 
tographs  showing  the  phenomena  in  more  detail  ap¬ 
pear  in  [1.1.].  For  some  rates  of  rise  of  voltage  the 
discharge  proceeds  fairly  smoothly  toward  the  ground 
electrode.  If  the  rate  of  rise  is  lower  the  discharge 
becomes  more  discontinuous.  In  general,  the  corona 
propagates  from  the  developing  leader  towards  the 
ground  plane,  as  evidenced  by  the  slope  of  the  image 
produced  by  the  developing  corona. 

voltage  collapses  when 
leader  contacts  ground 
plane  and  develops 
into  ar.  arc 


corona  propagates  from 
the  leader  toward  the 
ground  plane 

time 


Fig.  1.20  Influence  of  wave-front  on  the  development  of  the  leader  stroke. 
Adapted  from  [1.1]  and  [1.9]. 
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With  negative  polarities  the  discharge  is  even 
more  discontinuous.  Discharges  frequently  take  place 
in  the  air  beyond  the  head  of  the  leader  and  propa¬ 
gate  both  forwards  toward  the  grounded  electrode  and 
backwards  towards  the  advancing  leader.  The  sketch 
of  Fig.  1.21,  adapted  from  Fig.  17  of  [1.1]  and  from 
[1.10],  shows  the  phenomenon.  Note  that  the  curva¬ 
ture  of  the  image  due  to  the  corona  is  opposite  to  that 
of  Fig.  1.20.  With  this  geometry  a  leader  also  grows 
from  the  grounded  roa  towards  the  leader  from  the  rod 
to  which  voltage  is  applied. 

Studies  also  show  that  with  switching  impulse 
waves  the  critical  breakdown  voltage  depends  on  the 
front  time  of  the  voltage,  there  being  a  front  time  that 
minimizes  the  breakdown  voltage.  This  front  time  is 
in  the  range  200-600  microseconds,  but  it  depends  on 
the  length  of  the  gap,  being  longer  for  longer  gaps. 


Fig.  1.21  Negative  polarity  sparkover  of  3 

meter  gap  rod  to  rod  on  plane  gap. 
1.5/1000  microsecond  wave 
Adapted  from  [1.1]  and  [1.10]. 


The  above  is  still  a  rather  superficial  description 
of  the  breakdown  process  and  some  more  discussion 
is  in  order.  Consider  first  the  initial  corona.  The  ini¬ 
tial  corona  forms  as  soon  as  the  electric  field  at  the 
energized  electrode  reaches  a  critical  gradient  of  30-33 
kV/cm  and  continues  to  propagate  as  long  as  the  elec¬ 
tric  field  is  greater  than  about  25  kV/cm.  If  the  gap 
is  short  or  if  the  field  in  the  gap  is  uniform  the  corona 
will  bridge  the  gap  and  lead  to  complete  breakdown. 

More  commonly  the  corona  bridges  only  a  portion 
of  the  gap,  the  extent  of  the  corona  depending  on  the 
distribution  of  electric  field  across  the  gap,  as  illus¬ 
trated  on  Fig.  1.22.  With  a  rod  or  pointed  electrode 
the  critical  gradient  will  be  reached  at  a  lower  volt¬ 
age  than  if  a  more  rounded  electrode  were  used,  but 
the  highly  stressed  region  around  the  electrode  will  be 
smaller  with  a  rod  electrode  than  with  a  rounded  elec¬ 
trode.  The  result  is  that  with  a  rod  electrode  the  initial 
corona  forms  at  a  relatively  low  voltage,  does  not  ex¬ 
tend  very  far  into  the  gap,  and  the  initial  velocity  of 
the  leader  is  relatively  low. 

Around  a  larger  electrode  with  a  more  rounded 
tip  the  initial  corona  forms  at  a  higher  voltage,  ex¬ 
tends  further  into  the  gap  and  the  initial  velocity  of 
the  leader  is  greater.  If  the  electrodes  are  sufficiently 
rounded,  as  with  closely  spaced  spherical  electrodes, 
the  initial  corona,  when  it  forms,  extends  all  the  way 
to  the  other  electrode  and  breakdown  trikes  place  in  a 
fraction  of  a  microsecond. 

Streamer  gradient:  The  rate  at  which  the  stream¬ 
ers  extend  themselves  depends  on  the  average  gradient 
across  the  unbridged  portion  of  the  gap.  As  the  leader 
works  its  way  across  the  gap  and  places  more  voltage 
on  the  unbridged  portion  of  the  gap  the  average  gradi¬ 
ent  across  the  unbridged  portion  of  the  gap  increases 
with  time  and  the  velocity  of  the  streamer  increases. 
In  general,  the  streamers  will  continue  to  propagate  as 
long  as  the  average  gradient  in  the  unbridged  portion 


pointed 

electrode 


25  kV/cm 


rounded  electrode 


//?///////// 


Fig.  1.22  Factors  influencing  initial  corona. 
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is  about  5  kV/cm  or  greater.  If  the  gradient  is  greater 
than  5  kV /cm  the  streamers  will  propagate  faster,  but 
this  requires  injecting  charge  into  the  gap  at  a  higher 
rate  and  hence  more  current  is  drawn  from  the  source 
initiating  the  breakdown,  frequently  the  available  cur¬ 
rent  is  limited  and  the  streamers  will  propagate  at  a 
velocity  such  as  to  limit  the  gradient  to  about  5  kV/cm 
(500  kV/m).  This  critical  gradient  is  basically  what 
determines  the  minimum  breakdown  voltage  of  large 
air  gaps,  since  the  leader  velocity  determines  how  long 
the  voltage  must  be  maintained  to  cause  breakdown. 
An  average  leader  velocity  of  10  cm//is  implies  that  a 
50  cm  gap  would  require  voltage  to  be  maintained  for  5 
[is  before  the  flashover  would  be  complete.  If  a  higher 
voltage  is  applied  to  the  gap  the  leader  velocity  may 
increase  and  the  breakdown  will  grow  to  completion  in 
a  shorter  time. 

1.5.5  Effects  of  Gas  Density  and  Humidity 

The  flashover  voltage  of  air  gaps  depends  on  at¬ 
mospheric  conditions.  Usually  it  is  raised  by  an  in¬ 
crease  in  air  density  or  by  an  increase  in  humidity. 
An  increase  in  air  density  (pressure  and  temperature 
both  affect  air  density)  decreases  the  mean  free  path  of 
electrons  and  decreases  the  likelihood  that  they  will  be 
accelerated  to  a  voltage  sufficient  to  cause  secondary 
emission.  Water  molecules  tend  to  absorb  electrons 
and  thus  decrease  their  chances  to  participate  in  the 
formation  of  electron  avalances. 

For  uniform  field  conditions  and  gap  distances 
of  a  few  centimeters  the  variation  of  breakdown  volt¬ 
age  with  pressure  is  governed  by  Pachen’s  Law,  which 
states  that  the  breakdown  voltage  depends  on  the 
product  of  gas  pressure  and  gap  length,  as  illustrated 
on  Fig.  1.23.  For  most  conditions  breakdown  strength 
decreases  as  pressure  decreases,  though  there  is  a  con¬ 
dition  for  minimum  breakdown  strength,  below  which 
breakdown  strength  increases.  The  data  is  not  eas¬ 
ily  transferred  to  large  and  non-  uniform  gaps  and  for 
them  the  correction  must  be  determined  experimen- 


0.1  1  10  10  1000 
pressure  x  distance  (rom-Hg  x  cm) 

Fig.  1.23  Gap  breakdown  voltage  [l.G], 


Generally,  published  values  of  flashover  voltage 
are  corrected  to  standard  conditions.  In  both  Eu¬ 
rope  and  the  USA  these  are  air  pressure  =  1013  mb,, 
air  temperatures  20°  C  and  moisture  content*  11 
gm/cubic  meter.  In  older  US  practice  these  were  air 
pressure  =  760  mm  Hg,  air  temperature  =  25®  C  and 
humidity  =  15.5  mm  Hg.  Correction  factors  have  been 
developed  for  both  air  density  and  humidity.  A  discus¬ 
sion  of  those  correction  factors  is  beyond  the  scope  of 
this  material,  but  they  can  be  found  in  the  literature 
[1.11  and  1.12], 

1.6  Engineering  Data  on  Breakdown 

The  following  material  provides  some  data  on  the 
breakdown  voltage  of  various  gap  configurations.  It  is 
not  intended  to  be  a  complete  review  of  the  available 
data;  for  that  one  is  referred  to  the  literature,  some  of 
which  is  cited  in  the  following  sections. 

1.6.1  Sphere  Gaps 

Sphere  gaps  provide  a  uniform  field  condition  as 
long  as  the  spacing  between  the  spheres  is  not  too  great 
-  about  half  the  sphere  diameter.  Breakdown  depends 
mostly  on  the  peak  voltage,  is  not  particularly  affected 
by  polarity  or  waveshape  and  is,  for  standard  atmo¬ 
spheric  conditions,  about  30  kV/cm  for  small  spac- 
ings.  Fig.  1.24  shows  sparkover  voltage  for  spheres 
up  to  25  cm  diameter  when  energized  with  negative 
polarity  lightning  impulses.  It  is  also  valid  for  switch¬ 
ing  impulses  and  for  peak  values  of  alternating  power 
frequency  voltage.  Sparkover  with  positive  polarity 
is  only  slightly  different.  Sparkover  voltages  of  larger 
spheres  at  larger  spacings  can  be  found  in  [1.13]. 


Fig.  1.24  Sparkover  voltage  of  sphere  gaps. 
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1.7  Gases  Other  Than  Air 


1.6.2  Rod  Gaps 

Sparkover  voltage  of  rod-rod  gaps  exposed  to 
lightning  impulse  voltages  is  given  in  Figs.  1.25  and 
1.26.  For  long  gaps  the  sparkover  voltage  is  about 
5.5  kV  per  centimeter  of  spacing.  Positive  polarity 
sparkover  voltage  of  rod-rod  and  rod-plane  gaps  as  a 
function  of  gap  length  and  waveshape  is  given  on  Figs. 
1.27  and  1.28.  The  data,  from  [1.14]  is  again  given  as 
average  gradient.  Note  that  the  gradient  falls  as  low 
as  3  kV/cm  for  certain  waveshapes.  Note  also  that  the 
front  time  for  minimum  breakdown  voltage  increases 
with  increasing  gap  length. 

1.6.3  Sphere-Plane  Gaps 

Typical  sparkover  voltages  with  positive  polarity 
switching  voltage  are  shown  on  Fig.  1.29  [1.15]. 
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Fig.  1.25  Lightning  impulse  sparkover  of  rod  to 
rod  gaps  -  Positive  polarity. 
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Fig.  1.26  Lightning  impulse  sparkover  of  rod  to 
rod  gaps  -  Negative  polarity. 


Some  gasses,  particularly  sulphur  hexaflouride, 
have  better  insulating  properties  than  air,  largely  be¬ 
cause  they  tend  to  absorb  free  electrons.  They  will  not 
be  discussed  further  since  they  are  not  germane  to  the 
protection  of  aircraft  from  lightning,  other  than  their 
possible  use  in  lightning  simulators. 

1.8  Properties  of  Arcs 

An  electrical  arc  is  a  self-sustaining  discharge 
having  a  low  voltage  drop  and  capable  of  supporting 
large  currents.  Its  characteristics  depend  on  the  mate¬ 
rials  of  the  electrodes  from  which  the  arc  forms  and  the 
composition  of  the  gas  in  which  the  arc  bums.  This 
discussion  will  deal  only  with  arcs  in  air  at  atmospheric 
pressure. 

In  the  context  of  aircraft  and  lightning  protec¬ 
tion.  arcs  form  most  commonly  in  response  to  an  ini¬ 
tial  breakdown  brought  about  by  excessive  voltage  ap¬ 
plied  to  the  gap  between  two  electrodes.  In  other  sit¬ 
uations,  such  as  electrical  switches  and  circuit  break¬ 
ers,  they  may  also  form  between  current  carrying  elec¬ 
trodes  that  are  initially  in  contact  and  then  separated. 
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Fig.  1.27  Voltage  gradient  at  sparkover. 

Rod-rod  gaps,  positive  polarity  [1.16] 
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Fig.  1.28  Voltage  gradient  at  sparkover. 

Rod-plane  gaps,  positive  polarity  [1.16] 
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Fig.  1.29  Switching  impulse  sparkover  of 
sphere  to  plane  gaps. 

Positive  polarity  [1.6] 

If  the  arc  is  initiated  by  a  breakdown,  prior  to 
breakdown  the  voltage  between  the  electrodes  will  be 
high  and  the  current  through  the  gap  will  be  very  low. 
Once  the  breakdown  occurs  there  will  be  an  ionized 
region  in  the  gas  between  the  electrodes  and  current 
will  flow  through  that  ionized  region.  If  a  plot  is  made 
of  the  distribution  of  potential  between  the  electrodes, 
as  shown  on  Fig.  1.30,  it  will  be  noted  that  part  of 
the  total  voltage  drop  is  concentrated  at  the  cathode, 
part  concentrated  at  the  anode  and  that  the  rest  is 
distributed  along  the  column  of  the  arc.  The  energy 
released  in  the  three  regions  will  be  the  product  of  the 
current  and  the  voltage  across  that  region. 


Fig.  1.30  Distribution  of  potential 
between  electrodes. 


Arc  temperature:  The  energy  released  in  the  ionized 
region  of  a  freely  burning  arc  will,  under  most  condi¬ 
tions,  be  sufficient  to  raise  the  temperature  of  the  con¬ 
ducting  path  to  between  6000°  K.  to  6000®  K.,  suffi¬ 
cient  to  cause  the  sure  to  become  such  a  good  conductor 


that  the  current  will  be  limited  only  by  the  impedance 
of  the  external  circuit.  If  a  very  high  current  is  built  up 
very  rapidly  even  higher  temperatures  will  be  reached, 
on  the  order  of  20  000®  K.  in  the  conducting  channel 
of  a  lightning  flash. 

Arc  voltage:  As  the  arc  attains  these  temperatures 
the  voltage  across  the  arc  channel  will  collapse  from 
an  initial  value  of  about  5  kV/cm  to  a  value  on  the 
order  of  10  V/cm.  The  increase  of  temperature,  and 
the  collapse  of  voltage,  is  not  instantaneous,  but  it 
can  take  place  in  a  fraction  of  a  microsecond.  Devel¬ 
opment  of  a  completely  stable  arc,  though  may  take 
many  seconds  or  minutes  because  the  conditions  at  the 
electrodes  also  influence  the  development  of  the  arc. 

The  cathode  or  negative  electrode  is  the  one  that 
most  affects  the  properties  of  an  arc  since  it  is  at  the 
cathode  that  the  electrons  transported  through  the  arc 
are  released.  Before  the  arc  forms,  the  cathode  will 
be  cold  and  electrons  will  be  pulled  from  the  cathode 
when  the  voltage  gradient  at  the  cathode  surface  ap¬ 
proaches  30  kV/cm.  After  the  arc  forms  the  cathode 
will  become  heated  in  spots  to  its  boiling  temperature 
and  the  electrons  will  be  pulled  from  the  cathode  by 
the  electric  field  between  the  surface  of  the  cathode 
and  the  adjacent  column  of  ionized  gas.  For  a  freely 
burning  arc  this  voltage  drop  will  be  on  the  order  of  10 
volts  and  will  occur  over  a  very  short  distance  between 
the  cathode  and  the  arc  channel,  probably  on  the  or¬ 
der  of  5  x  10~5  cm.  Before  steady  state  conditions  are 
reached  it  may  be  several  times  this  value. 

The  energy  released  at  the  surface  of  the  cathode 
is  given  by  the  product  of  gap  current  and  cathode 
voltage  drop  and  since  the  cathode  drop  region  is  very 
short,  the  energy  released  is  readily  transferred  to  the 
material  from  which  the  cathode  is  formed.  Localized 
temperatures  at  the  points  from  which  the  current  em¬ 
anates  will  always  be  high  enough  to  cause  local  boiling 
at  the  surface  of  the  electrode,  on  the  order  of  3400° 
K.  for  aluminum.  Heating  of  an  electrode  is  thus  a 
very  localized  matter  arising  out  of  the  cathode  drop; 
it  has  little  to  do  with  the  temperature  of  the  column 
of  gas  adjacent  to  the  electrode. 


Current  density:  On  average,  the  cathode  current  den¬ 
sity  will  be  on  the  order  of  5000  A/cm2  for  iron  or  cop¬ 
per  electrodes,  at  least  for  arc  currents  on  the  order  of 
a  few  tens  of  amperes.  It  may  be  higher  for  higher 
arc  currents.  The  electrons  will  not  be  emitted  uni¬ 
formly  over  the  whole  surface  of  the  cathode  however; 
they  will  be  emitted  from  localized  cathode  spots.  The 
current  from  any  particular  spot  tends  to  be  constant, 
and  if  the  total  current  in  the  arc  becomes  too  large 
to  be  supplied  by  one  cathode  spot,  others  will  form. 
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The  cathode  spots  will  rapidly  move  about  and  if  the 
arc  is  free  to  move  there  will  be  little  damage  to  the 
surface  of  the  cathode.  LocaKzed  melting  and  boil¬ 
ing  may  occur,  but  the  cathode  spots  will  move  away 
before  the  surface  as  a  whole  is  noticeably  damaged. 
Lightning  flashes  sweeping  across  the  surface  of  bare 
alummum  surfaces  of  aircraft  frequently  produce  only 
a  mottled  blemish  on  the  surface.  However,  if  the  arc 
is  constrained  to  stay  in  one  point  then  the  heating 
continues  in  that  area  and  more  intense  damage  may 
occur.  Surface  coatings,  even  a  thin  film  of  paint,  may 
be  enough  to  prevent  the  arc  from  moving  freely. 

Arc  "resistance” :  Care  should  be  taken  in  discussing 
the  “resistance”  of  an  arc;  since  it  is  a  quantity  that  re¬ 
ally  only  applies  for  a  particular  current  and  for  steady 
state  conditions.  Arc  voltage  as  a  function  of  current  is 
the  more  useful  quantity.  As  regards  aircraft ,  arc  volt¬ 
age  is  important  in  three  main  contexts;  the  amount 
of  damage  done  to  a  surface  contacted  by  an  arc,  the 
length  of  arc  which  may  be  swept  across  an  insulating 
surface  before  the  voltage  becomes  sufficient  to  punc¬ 
ture  the  insulation,  and  in  the  design  of  laboratory 
equipment  with  which  to  simulate  lightning  effects.  All 
of  these  are  discussed  in  more  detail  in  later  chapters. 

An  example  of  the  voltage  across  an  arc  burning 
in  air  is  shown  on  Fig.  1.31.  In  this  particular  case  the 
voltage  fluctuated  with  time  as  the  high  temperature 
carried  the  arc  into  the  air  and  the  arc  length  changed. 
Similar  variations  are  noted  if  the  conditions  at  the 
electrodes  change,  as  during  tests  where  the  arc  burns 
away  the  surface  of  the  object  under  test. 

Investigations  of  arc  voltage  with  currents  such  as 
found  in  lightning  flashes,  several  tens  of  thousands  of 
amperes  in  the  return  stroke  or  several  hundreds  of 
amperes  in  the  continuing  current  phase,  have  mostly 
been  concerned  with  the  performance  of  power  circuit 
switching  devices  and  are  of  limited  value  in  analysis 
of  effects  of  lightning  on  aircraft.  Most  investigations 
of  the  voltage  across  an  arc  in  air,  the  condition  of 
most  importance  regarding  aircraft,  were  made  many 
years  ago  with  arc  currents  on  the  order  of  a  few  am¬ 
peres  or  at  most  a  few  tens  of  amperes.  They  [1.16] 
show  the  total  voltage  across  an  arc  of  fixed  length  to 
decrease  with  current  and  be  given  approximately  by 
an  equation  of  the  form 

ea=A+?;.  (1.7) 

tn 


and  ranges  from  about  0.5  to  1.5.  For  nitrogen  at  at¬ 
mospheric  pressure  the  constant  A  of  Eq.  1.7  is  about 
51  and  B  about  84. 

The  characteristic  curve  relating  fire  voltage  to 
arc  current  thus  has  the  general  shape  shown  in  Fig. 
1.32.  Part  of  the  voltage,  on  the  order  of  20  -  40  volts, 
is  due  to  the  cathode  and  anode  drops  and  the  rest  is 
the  voltage  across  the  arc  column.  For  long  arcs  in  air, 
up  to  50  cm,  iron  electrodes  and  for  currents  of  a  few 
amperes,  the  arc  voltage  is  given  by 

e,  =  A  +  (B+  j)x.  (1.9) 

where  x  is  the  arc  length  in  cm.  and  A  =  62,  B  =  11.4 
and  C  =  32.6.  The  quantity  A  would  account  for 
the  effects  at  the  electrodes  and  the  vapor  near  the 
electrodes.  The  rest  of  the  expression  accounts  for 
the  arc  in  the  air  and  suggests  that  the  voltage  along 
a  freely  burning  arc  would  be  on  the  order  of  10  - 
15  volts/cm.  For  higher  currents  Eq.  1.9  probably 
underestimates  the  arc  voltage.  Fig.  1.31  suggests  the 
voltage  would  be  about  25  volts/cm  for  arcs  carrying 
several  hundreds  of  amperes. 


The  constant  n  seems  to  be  a  linear  function  of  the 
absolute  boiling  temperature  T  of  the  anode, 

n  =  2.62  x  10_4T.  (1.8) 


Fig.  1.31  Voltage  and  current  of  a  7  inch  gap 
burning  in  air. 

(a)  Current 

(b)  Voltage 
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current 


Fig.  1.32  Arc  voltage  vs.  arc  current. 


The  shape  of  the  curve  suggests  that  the  diame¬ 
ter  of  the  arc  column  expands  as  the  current  increases, 
thus  lowering  the  resistance  of  the  column.  For  cur¬ 
rents  on  the  order  of  a  few  amperes  the  cross  sectional 
area  of  the  arc  expands  faster  than  the  arc  current. 
With  high  currents  the  current  density  in  the  conduct¬ 
ing  channel  reaches  a  limiting  value  and  the  cross  sec¬ 
tional  area  expands  about  in  proportion  to  the  current 
in  the  arc.  The  result  is  that  the  arc  voltage  rises  with 
current,  but  only  slowly. 

The  arc  voltage  is  a  function  of  pressure,  Fig.  1.33 
[1.17]  showing  an  example  of  measured  data.  Arcs  in 
gases  intentionally  pressurized  are  not  of  concern  as 
regards  aircraft,  but  pressure  on  a  confined  arc  will 
increase  just  due  to  the  heating  produced  by  the  arc 
itself.  The  increased  pressure  results  in  an  increased 
arc  voltage  which,  for  a  constant  arc  current,  increases 
the  energy  released  into  the  arc  column,  which  in  turn 
causes  a  further  increase  in  arc  pressure.  It  is  for  this 
reason  that  a  lightning  arc  flowing  in  a  confined  re¬ 
gion,  such  as  inside  the  wall  of  a  house,  can  produce 
so  much  damage.  The  regenerative  increase  of  arc  volt¬ 
age,  arc  energy  and  pressure  continues  increasing  until 
the  pressure  is  relieved  by  fracture  of  the  containing 
structure. 


Fig.  1.33  Arc  voltage  vs.  pressure  [1.5]. 
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Chapter  2 


THE  LIGHTNING  ENVIRONMENT 


2.1  Introduction 

The  lightning  flash  originates  with  the  formation 
of  electrical  charge  in  the  air  or,  more  commonly, 
clouds.  The  most  common  producer  of  lightning  is 
the  cumulonimbus  thundercloud.  Lightning,  however, 
can  also  occur  during  sandstorms,  snowstorms,  and 
in  the  clouds  over  erupting  volcanos.  Lightning  has 
even  been  reported  to  occur  in  clear  air,  though  this 
phenomenon  is  rare  and  is  possibly  a  result  of  light¬ 
ning  originating  in  conventional  clouds  beyond  the  ob¬ 
servers’  field  of  vision.  Lightning  originating  in  sand¬ 
storms  and  volcanic  eruptions  is  not  of  serious  concern 
to  aircraft,  but  lightning  associated  with  snowstorms 
occurs  often  enough  to  present  a  problem,  not  because 
its  nature  is  different  from  lightning  associated  with 
thunderstorms,  but  because  it  is  apt  to  occur  when  it 
is  unexpected.  Pilots’  reports  on  aircraft  often  state 
that  they  were  struck  “out  of  the  blue”;  that  is,  un¬ 
der  conditions  where  a  lightning  stroke  would  not  be 
expected.  The  circumstances  of  such  reports  are  not 
always  known,  but  they  do  suggest  that  there  is  still 
more  to  learn  about  the  mechanism  of  the  lightning 
flash. 

The  most  common  types  of  lightning  axe  those  in¬ 
volving  the  cloud  and  ground,  called  cloud-to-ground 
lightning,  and  lightning  between  charge  centers  within 
a  cloud,  called  intracloud  lightning.  This  latter  is 
sometimes  erroneously  called  intercloud  or  cloud-to- 
cloud  lightning.  True  cloud-to-cloud  lightning  be¬ 
tween  isolated  cloud  centers  is  possible;  however,  what 
appears  to  be  cloud-to-cloud  lightning  is  often  a  spec¬ 
tacular  manifestation  of  intracloud  discharges.  While 
aircraft  may  be  involved  with  any  of  the  three  types 
of  lightning,  cloud-to-ground  and  intracloud  lightning 
flashes  are  the  most  common  types. 

This  chapter  is  mostly  concerned  with  lightning 
flashes  to  ground  and  not  with  intracloud  flashes  or 
flashes  to  aircraft.  There  are  several  reasons  for  this 
emphasis,  the  major  one  being  that  most  research  on 
lightning  has  centered  on  cloud-to-ground  lightning 
and  most  of  our  understanding  of  lightning  comes  from 
study  of  cloud-to-ground  lightning.  There  have  been 
several  studies  in  recent  years  involving  aircraft  flown 
into  storms  in  order  to  better  study  intracloud  light¬ 
ning.  These  studies  have  shed  considerable  light  on 
the  nature  of  intracloud  lightning,  and  have  shown 


that  aircraft  can  trigger  a  lightning  flash.  The  trig¬ 
gering  mechanism  and  the  nature  of  lightning  flashes 
triggered  by  aircraft  are  discussed  in  Chapter  3. 

Despite  its  importance  to  aircraft  operation,  there 
is  simply  much  less  information  on  the  characteris¬ 
tics  of  intracloud  lightning  than  on  those  of  cloud-to- 
ground  lightning.  Intracloud  lightning,  unlike  cloud- 
to-ground  lightning,  is  largely  hidden  from  direct  ob¬ 
servation  and  so  is  much  more  difficult  to  study.  Con¬ 
ducting  research  on  the  characteristics  of  lightning  is 
often  a  labor  of  love  requiring  both  both  extensive  ap¬ 
paratus  and  extreme  patience.  Observing  lightning 
from  a  fixed  ground  station  is  much  easier  and  cheaper 
than  observing  lightning  from  a  moving  aircraft.  Also, 
most  of  the  funding  for  research  on  lightning  has  come, 
directly  or  indirectly,  from  those  who  are  concerned 
with  the  effects  of  lightning  on  electric  power  trans¬ 
mission  and  distribution  lines,  which  are  affected  only 
by  cloud-to-ground  strokes. 

Cloud-to-ground  strokes,  though,  are  important 
for  aircraft  since  aircraft  are  struck  by  cloud-to- 
ground  lightning  and  there  is  considerable  evidence 
that  cloud-to-ground  flashes  are  more  severe  than  in¬ 
tracloud  flashes.  Moot  of  the  test  specifications  and 
test  practices  relating  to  aircraft  and  lightning  have 
been  derived,  directly  or  indirectly,  from  studies  of 
cloud  to  ground  lightning.  Finally,  the  ground  facil¬ 
ities  to  support  aircraft  are  only  exposed  to  cloud-to- 
ground  lightning.  This  handbook  does  not  specifically 
deal  with  ground  support  facilities,  but  they  obviously 
must  be  protected  from  lightning  in  order  to  fill  their 
support  role  for  flying  aircraft. 

To  introduce  the  terms  that  will  be  discussed  in 
the  following  sections  consider  a  photograph  of  a  typi¬ 
cal  cloud-to-ground  lightning  flash  taken  on  a  camera 
with  a  continuously  moving  film,  Fig.  2  1(a),  a  Boys 
camera  as  discussed  in  §1.5.4.  The  image  on  the  film 
would  appear  a a  shown  on  Fig.  2.1(b)  and  the  current 
measured  at  ground  level  would  appear  as  shown  in 
Fig.  2.1(c).  A  leader  starts  at  the  cloud  and  works 
its  way  in  steps  toward  the  ground.  When  it  nears 
ground  an  upward  streamer  forms  upwards  toward  the 
descending  leader.  These  are  not  very  luminous  and 
can  seldom  be  seen  by  the  naked  eye. 
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Fig.  2.1  Generalized  nature  of  negative 

cloud-to-ground  lightning. 

(a)  Orientation  of  lens  and  film  in  a 
Boys  camera 

(b)  Image  of  a  flash 

(c)  Major  components 

Eventually  the  two  join  and  there  occurs  a  very 
bright  first  return  stroke.  Later  a  dart  leader  starts 
at  the  cloud,  progresses  directly  to  ground  and  is  fol¬ 
lowed  by  a  subsequent  return  stroke.  The  pattern  of 
dart  leader  -  return  stroke  may  repeat  several  times. 
The  return  strokes  are  characterized  by  four  regions; 
a  front  lasting  for  a  few  microseconds  or  less,  a  tail 
lasting  for  times  measured  in  tens  of  microseconds,  an 
intermediate  current  lasting  for  a  few  milliseconds  and 
a  continuing  current  that  may  flow  for  up  to  a  second 
or  more.  The  intermediate  current  and  continuing  cur¬ 
rents  may  not  always  occur  and  sometimes  there  may 
only  be  only  one  return  stroke. 

Each  of  these  aspects  of  the  flash  will  be  discussed 
in  the  following  sections.  For  a  more  complete  discus¬ 
sion  of  the  mechanism  of  the  lightning  discharge  the 
reader  is  referred  to  the  literature,  of  which  (2.1  2.4] 

are  probably  the  most  most  complete.  Each  of  them 
contains  extensive  bibliographies  and  this  chapter  will 
not  make  any  attempt  to  provide  a  complete  review  of 
the  literature. 


2.2  Generation  of  the  Lightning  Flash 

The  lightning  fiash  originates  with  the  generation 
of  charge,  after  which  the  lightning  flash  develops  by 
the  streamer  mechanism  discussed  in  Chapter  1. 

2.2.1  Generation  of  the  Charge 

The  exact  mechanism  by  which  electrical  charge 
develops  in  clouds  is  still  a  matter  of  dispute,  but  there 
is  little  doubt  that  the  energy  that  produces  lightning 
is  provided  by  warm  air  rising  upwards  into  a  develop¬ 
ing  cloud,  As  the  air  rises  it  becomes  cooler,  and  at  the 
dew  point,  the  excess  water  vapor  condenses  into  wa¬ 
ter  droplets,  forming  a  cloud.  When  the  air  has  risen 
high  enough  for  the  temperature  to  drop  to  -40°C,  the 
water  vapor  will  have  frozen  to  ice.  At  lower  eleva¬ 
tions  there  will  be  many  supercooled  water  drops  that 
are  not  frozen,  even  though  the  temperature  is  lower 
than  the  freezing  point.  In  this  supercooled  region,  ice 
crystals  and  hailstones  form. 

According  to  one  theory  [2.5],  the  cloud  becomes 
electrically  charged  by  the  following  process.  Some  of 
the  ice  crystals  which  have  formed  coalesce  into  hail¬ 
stones.  These  hailstones  fall  through  the  cloud  gather¬ 
ing  additional  supercooled  water  droplets.  As  droplets 
freeze  onto  a  hailstone,  small  splinters  of  ice  chip  off. 
Apparently,  these  splinters  carry  away  a  positive  elec¬ 
trical  charge,  leaving  the  hailstone  with  a  net  nega¬ 
tive  charge.  The  vertical  wind  currents  in  the  cloud 
carry  the  ice  splinters  into  the  upper  part  of  the  cloud, 
while  the  hailstone,  being  heavier,  falls  until  it  reaches 
warmer  air,  where  some  portion  of  it  melts  and  the 
remainder  continues  to  earth.  Thus,  the  upper  part 
of  the  cloud  takes  on  a  charge  that  is  predominantly 
positive  while  the  lower  regions  take  on  a  charge  that 
is  predominantly  negative, 

Other  theories  (2.5  -  2.11]  have  been  proposed 
to  account  for  the  electrification  of  the  cloud.  All  of 
them  are  based  on  experimentally  observed  evidence 
that  the  charge  in  the  top  of  the  cloud  is  positive, 
while  the  lower  portions  of  the  clouds  contain  negative 
charge.  Most  of  the  early  work  on  the  distribution  of 
charge  in  clouds  was  based  on  indirect  evidence  from 
the  changes  in  electric  field  at  ground  level  as  lightning 
flashes  take  place.  Such  measurements  can  give  am¬ 
biguous  results,  particularly  if  the  electric  field  changes 
are  observed  at  only  one  location,  a  matter  discussed 
further  in  (2.3).  Direct  measurement  of  charges  by  air¬ 
craft  or  instrumented  balloons  are  more  reliable.  All 
the  observations  though,  indicate  that  the  top  of  the 
cloud  does  have  a  positive  charge,  that  the  middle  re¬ 
gions  of  the  cloud  have  negative  charge  and  that  there 
are  also  pockets  of  positive  charge  near  the  base  of  the 
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cloud.  Some  observations  [2.12j  suggest  that  the  neg¬ 
ative  charge  is  distributed  in  a  layer  on  the  order  of 
1000  ft.  thick,  rather  than  being  more  or  less  evenly 
distributed  through  the  lower  portions  of  the  cloud. 
Fig.  2.2  shows  how  the  charge  in  a  typical  cloud  might 
be  distributed. 


1 -  CORONA  SPACE  CHARCE 
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Fig.  2.2  Generalized  diagram  showing  distribution 
of  air  currents  and  electrical  charge 
in  a  typical  cumulonimbus  cloud  [2. 12). 

The  air  currents  and  the  electrical  charges  tend 
to  be  contained  in  localized  cells  and  the  cloud  as  a 
whole  is  composed  of  a  number  of  cells.  A  typical 
cloud  might  have  the  cell  structure  shown  in  Fig.  2,3 
[2.13].  The  electrical  charge  contained  within  a  cell 
might  appear  as  shown  in  Fig.  2.4  [2.12].  The  temper¬ 
ature  at  the  main  negative  charge  center  will  be  about 
-5°C  and  at  the  auxiliary  pocket  of  positive  charge  be¬ 
low  it,  about  0"C.  The  main  positive  charge  center  in 
the  upper  cloud  will  be  about  15°C  colder  than  its 
negative  counterpart, 

The  lifetime  of  a  typical  cell  is  about  30  minutes. 
In  its  mature  state  the  cell  as  a  whole  will  have  a  po¬ 
tential,  with  respect  to  the  earth,  of  IQ8  to  10®  volts 
(V).  It  will  have  a  total  stored  charge  of  several  hun¬ 
dred  coulombs  (C)  with  potential  differences  between 
positive  and  negative  charge  pockets  agnin  on  the  or¬ 
der  of  10*  to  10®  V.  The  cell  as  a  whole  will  have  a 
negative  charge, 

2.2.2  Electric  Fields  Produced  by  Charge 

As  the  cloud  passe's  over  a  point  on  the  ground,  an 
electrical  charge  is  attracted  into  the  ground  under  the 
cloud.  The  average  electric  field  at  the  surface  of  the 
ground  will  change  from  its  fair  weather  value  of  about 
300  volts  per  meter  (V/m)  positive  to  as  high  as  several 


Fig.  2.3  An  idealized  cross  section  through  a  thunder¬ 
storm  cell  in  its  mature  stage  [2.13]. 


mature  thundercloud  (2.11]. 

thousand  volts  per  meter.  These  polarity  conventions 
are  illustrated  on  Fig.  2.5.  Generally,  when  a  cloud 
is  overhead,  the  field  at  ground  level  will  be  negative, 
but  when  a  localized  positive  region  is  overhead,  the 
field  may  be  positive.  The  potential  gradient  will  be 
concentrated  around  sharp  protruding  points  on  the 
ground  and  can  exceed  the  breakdown  strength  of  the 
air,  which  has  a  nominal  value  of  30  kV/cm  at  sea  level 
conditions,  and  Iras  at  higher  altitudes. 
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Fig.  2.5  Polarity  considerations. 


When  the  breakdown  strength  of  the  air  is  ex¬ 
ceeded,  current  into  the  air  increases  sharply  and  a 
bluish  electrical  discharge  called  corona  forms  around  a 
point.  This  discharge  is  the  St.  Elmo’s  fire  discussed  in 
Chapter  1.  The  magnitude  of  the  current  from  a  single 
discharge  point  may  range  from  1  or  2  microamperes 
(fiA)  to  as  high  as  400  fiA.  This  field  induced  corona 
is  generally  less  intense  than  the  corona  observed  on 
energized  conductors  and  discussed  in  Chapter  1.  The 
presence  of  St.  Elmo’s  fire  should  be  taken  as  signify¬ 
ing  a  dangerous  condition  to  an  exposed  observer  on 
the  ground,  such  as  a  mountain  climber  on  an  exposed 
ridge  It  is  not  necessarily  an  indicator  that  lightning 
is  imminent,  however,  since  it  only  reflects  the  state  of 
the  electric  field  at  the  ground  surface,  not  at  the  base 
of  the  clouds  where  lightning  usually  originates. 

Corona  from  grounded  objects  does  not  develop 
into  a  complete  electrical  arc  or  upwards  lightning  flash 
because  the  electric  field  is  very  localized  and  does  not 
extend  over  a  sufficient  distance  for  streamers  to  prop¬ 
agate.  An  important  reason  for  this  is  that  the  charges 
injected  into  the  air  by  the  corona  accumulate  and  re¬ 
duce  the  electric  field  strength  at  the  ground  surface. 
Because  of  this  space  charge,  a  developing  breakdown 
in  the  air  “sees”  a  much  more  uniform  electrical  surface 
than  would  a  microscopic  observer  at  ground  level. 

2.2.3  Development  of  the  Leader 

At  some  state  in  the  electrification  of  the  cloud, 
a  discharge  towards  the  earth  takes  place.  It  starts 
as  a  slow  moving  column  of  ionized  air  called  the  pi¬ 
lot  streamer.  After  the  pilot  streamer  has  moved  per¬ 
haps  30  to  50  m,  a  more  intense  discharge  called  the 
stepped  leader  takes  place.  This  discharge  lowers  addi¬ 
tional  negative  charge  into  the  region  around  the  pilot 
streamer,  recharges  it,  so  to  speak,  and  allows  it  to 
continue  for  another  30  to  50  m,  after  which  the  cy¬ 
cle  repeats.  A  discharge  propagating  in  this  maimer  is 
called  a  streamer  discharge;  its  development  was  dis¬ 
cussed  in  Chapter  1  and  is  illustrated  further  on  Fig. 
2.6. 
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Fig.  2.6  Stages  in  the  development  of  a  leader. 


If  the  initial  development  of  the  leader  takes  place 
in  the  charged  cloud,  the  developing  streamer  branches 
and  begins  to  collect  charge  from  its  surroundings.  Be¬ 
cause  it  collects  charge  in  this  way,  the  streamer  may 
be  viewed  as  connected  to  the  cloud  and  at  the  same 
potential  as  the  cloud.  As  the  head  of  the  leader  moves 
farther  into  the  un-ionized  air,  charge  flows  down  from 
the  charged  regions  of  the  cloud,  along  the  partially 
conducting  filament  and  toward  the  head  of  the  leader, 
thus  tending  to  keep  all  parts  of  the  leader  at  a  very 
high  potential.  The  mnount  of  charge,  q„,  lowered  into 
the  leader  will  be  on  the  order  of  2  to  20  x  10~*  C/m 
of  length.  A  leader  5  km  long  would  then  have  stored 
within  it  a  charge  of  1  to  10  C. 

The  leader,  as  postulated  by  Wagner  [2.14],  ap- 
pears  as  shown  on  Fig.  2.7.  The  head  of  the  leader 
may  have  a  larger  diameter  than  the  rest  of  the  leader, 
though  this  is  difficult  to  prove  by  photographs.  The 
head  of  the  leader  is  generally  visible  because  of  the 
optical  radiation  associated  with  the  extension  of  the 
electron  avalamches,  but  once  the  growth  ceases,  the 
radiation  stops;  consequently,  the  corona  sheath  sur¬ 
rounding  the  central  conducting  filament  is  not  visible. 
Since  the  potential  of  the  leader  is  very  high,  there 
will  be  a  high  reulial  electric  field  along  the  leader. 
This  field  will  be  high  enough  to  exceed  the  break¬ 
down  strength  of  the  air,  and  secondary  streamers  wifi 
branch  out  radially  away  from  the  central  filament. 
The  filaments  will  branch  out  radially  until  the  field 
strength  at  the  edge  of  the  ionized  region  falls  to  about 
30  kV/cm. 


Diameter  of  the  leaden  It  can  be  shown  that  the  elec¬ 
tric  field  strength  at  the  edge  of  a  cylinder  containing 
a  charge,  per  unit  length  is 


fr_  1.8x10% 

r 


(2.1) 


22 


Fig.  2.7  The  lightning  leader  as  postulated 
by  Wagner  [2.14]. 


C  be  deposited  by  a  leader  advancing  at  the  rate  of 
1  x  10®  m/s  requires  the  average  current  in  the  leader, 
ij,  to  be  20  to  200  A.  A  current  of  this  magnitude  could 
be  carried  only  in  a  highly  conducting  arc  discharge, 
the  assumed  central  conducting  filament  of  the  leader. 
Such  an  arc  would  have  a  diameter  on  the  order  of  a 
few  millimeters  and  an  axial  voltage  gradient,  gi,  of 
about  5  x  10®  V/m.  A  leader  4  km  long  would  then 
have  a  voltage  drop  along  its  length  of  2  x  107V.  The 
longitudinal  resistance,  Ri,  of  the  conducting  filament 
would  then  be  in  the  range  of  40  to  400  ft  per  meter 
(ft/m). 

While  of  less  importance  as  regards  aircraft,  it 
might  be  noted  that  leaders  sometimes  start  at  the 
ground  and  work  their  way  toward  the  sky.  This  hap¬ 
pens  most  frequently  from  tall  buildings  or  towers,  or 
from  buildings  or  towers  located  atop  hills.  Generally, 
one  can  tell  from  the  direction  of  the  lightning  flash 
branching  whether  the  leader  started  at  the  cloud  or 
at  the  ground:  if  the  branching  is  downward,  Fig.  2.9, 
the  leader  originated  at  the  cloud;  if  the  branching  is 
upward,  the  leader  originated  at  the  ground. 


From  this  and  the  above  breakdown  strength  of  air,  it 
can  be  deduced  that  the  radius  of  the  leader  will  be  1.2 
to  12  m.  At  higher  elevations  the  breakdown  strength 
of  air  is  less;  hence  the  leader  radius  may  be  more. 

Photographs  of  actual  lightning  leaders  may  be 
taken  with  a  Boys  camera,  in  which  the  film  moves 
relative  to  the  camera  lens.  Fig.  2.1  illustrated  the 
principle  and  Fig.  2.8  [2.15]  shows  an  example  of  such 
a  photograph.  The  leader  is  seen  originating  at  the  top 
left  hand  corner  of  the  picture  and  lengthening  as  time 
increases.  The  bright  line  at  the  right  of  the  picture  is 
produced  by  the  return  stroke  as  discussed  in  §2.2.5. 


Fig.  2.8  Boys  camera  photograph  of  a 
lightning  leader  [2.15] 

Leader  velocity  and  current:  FVom  such  photographs 
it  has  been  learned  that  the  leader  advances  >t  about 
1  to  2  x  10*  m/s,  or  0.03%  to  0.06%  of  the  speed  of 
light  [2.16].  In  order  that  a  charge  of  2  to  20  x  10~4 


Fig.  2.9  Leader  direction  as  determined  from 
direction  of  branching. 

(a)  Downward  branching  leader 
starts  at  cloud 

(b)  Upward  branching  leader 
starts  at  ground 

2.2.4  Transition  from  Leader  to  Return 
Stroke 

As  the  negatively  charged  stepped  leader  ap¬ 
proaches  the  ground,  positive  charge  accumulates  in 
the  ground  underneath  it  or,  more  accurately,  nega¬ 
tive  charge  is  repelled  away  from  the  region  under  the 
leader.  At  some  point  the  electric  field  strength  around 
objects  on  the  ground  becomes  sufficiently  high  that 
a  streamer  starts  at  the  ground  and  works  its  way  to- 
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ward  the  downward  approaching  leader.  This  seems 
to  occur  when  the  average  voltage  gradient  between 
the  leader  and  ground  reaches  about  5.5  kV/cm  (550 
kV/m).  When  the  streamers  meet,  the  conducting  fil¬ 
ament  in  the  center  of  each  streamer  provides  a  low 
impedance  path  so  that  the  charge  stored  in  the  head 
of  the  leader  can  flow  easily  to  ground.  As  the  cur¬ 
rent  in  the  central  filament  increases  from  its  initial 
amplitude  of  a  few  tens  of  amperes  to  higher  values, 
the  filament  gets  hotter,  its  diameter  expands,  its  lon¬ 
gitudinal  gradient  decreases,  and  it  becomes  an  even 
better  conductor,  which  in  turn  allows  even  more  cur¬ 
rent  to  flow  in  the  arc.  As  the  charge  in  the  lower 
part  of  the  leader  is  neutralized,  the  heavily  conduct¬ 
ing  arc  reaches  higher  into  the  charged  leader  channel. 
The  head  of  the  region  in  which  this  neutralization 
takes  place  moves  upwards  at  a  rate  of  roughly  10s 
m/s  (or  one  third  the  velocity  of  light)  until  it  reaches 
the  cloud.  This  heavily  conducting  region,  called  the 
return  stroke,  produces  the  intense  flash  normally  as¬ 
sociated  with  the  lightning  stroke. 

Some  stages  in  the  development  of  the  return 
stroke  are  shown  in  Fig.  2.10  [2.14].  Fig.  2.11  shows  an 
oscillogram  of  an  actual  lightning  current  as  measured 
at  ground.  The  figure  also  shows  the  current  associ¬ 
ated  with  the  subsequent  return  strokes  discussed  in 
§2.2.7. 

The  point  at  which  the  downward  and  upward  go¬ 
ing  leaders  meet  can  be  recognized  on  photographs  as 
a  point  where  the  channel  seems  to  split.  Fig.  2.12 
[2.15,  2.16]  shows  an  example  observed  on  an  actual 
lightning  flash  and  Fig.  1.18  showed  an  example  ob¬ 
served  during  laboratory  testing.  Another  photograph 
of  a  junction  is  given  in  [2.17].  The  point  at  which 
the  downward  leader  first  induces  a  leader  from  the 
ground  effectively  determines  where  on  the  ground  the 
flash  will  ultimately  terminate.  The  distance  to  the 
ground  when  the  upward  leader  first  initiates  is  called 
the  striking  distance  and  analysis  of  the  striking  dis¬ 
tance  is  important  as  regards  protection  of  grounded 
obiects  [2.17-2.19]. 


0  microseconds  40 


Fig.  2.11  Example  of  multiple  stroke  lightning 
current  waveshapes  [2.25]. 

(a)  First  stroke 

(b)  Second  stroke 

(c)  Third  stroke 


Fig.  2.12  Junction  of  downward  and  upward 
streamers  [2.18]. 


2.2.5  Further  Development  of  the  Initial 
Return  Stroke 


Fig.  2.10  Stages  in  the  development  of 
the  return  stroke  [2.14]. 
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The  high  currents  associated  with  lightning  (10 
kA  to  200  kA)  are  produced  as  the  return  stroke  drains 


the  charge  left  in  the  leader  channel.  The  magni¬ 
tude  of  the  current  is  determined  by  the  velocity  with 
which  this  return  stroke  propagates,  together  with  the 
amount  of  charge  deposited  in  the  leader  channel.  Let 
v  be  the  velocity  of  the  return  stroke  and  q  be  the 
amount  of  charge  deposited  per  unit  length,  dl,  along 
the  leader  channel.  Since 


and 


it  follows  that 


I  =  — 
dt 

(2.2) 

TS  1^ 

II 

a 

...  .  (2-3) 

I  =  qv. 

(2.4) 

As  a  numerical  example  let 


v  =  1C8  m/s  and  q  =  10  x  10-4  C/m 


Then 


I  =  10  x  10“4  x  108 
=  10  x  104 
=  100  000  A. 

The  velocity  of  the  return  stroke  is  not  constant 
from  one  stroke  to  the  next;  it  seems  to  vary  with 
the  magnitude  of  current  that  is  ultimately  developed. 
The  relationship  between  current  and  velocity  may 
be  deduced  either  from  theoretical  concepts  or  <  xper- 
imentally.  The  relationship  derived  by  Wagner  [2.21] 
is  shown  in  Fig.  2.13.  Considerations  of  the  return 
stroke  velocity  are  primarily  of  importance  in  study¬ 
ing  the  time  history  of  the  electric  field  produced  by 
the  lightning  flash.  Measurements  of  electric  field  pro¬ 
duced  by  remote  lightning  flashes  have  been  used  to 
estimate  the  peak  current  in  those  flashes. 

There  is  evidence  that  the  velocity  decreases  as 
the  return  stroke  propagates  up  the  channel  and  this 
would  suggest  that  for  a  given  flash  the  peak  current  at 
altitude  would  be  less  than  the  peak  amplitude  mea¬ 
sured  at  ground  level.  The  velocity  may  also  affect  the 
surge  impedance  of  the  lighting  stroke,  and  thus  the 
way  that  the  stroke  interacts  with  a  metallic  conductor 
like  an  aircraft. 

Factors  affecting  velocity:  The  velocity  of  propaga¬ 
tion  of  the  return  stroke  is  less  than  that  of  the  speed 
of  light  for  two  basic  reasons.  The  first  reason  in¬ 
volves  the  longitudinal  resistance  of  the  return  stroke 
channel.  Some  of  the  factors  associated  with  this  lon¬ 
gitudinal  resistance  are  shown  in  Fig.  2. 14.  Central 


Fig.  2.13  Relation  between  stroke  current  and 
velocity  of  return  stroke  [2.21]. 


Fig.  2.14  Phenomena  associated  with  passage 
of  the  return  stroke. 

(a)  Current 

(b)  Longitudinal  voltage 

(c)  Longitudinal  resistance 

to  the  phenomenon  is  the  fact  that  the  current  in  the 
lightning  channel  must  increase  fairly  rapidly  from  the 
200  A  (approximately)  current  associated  with  the  ini¬ 
tial  development  of  the  leader  to  a  current  of  perhaps 
100  kA  as  the  return  stroke  becomes  fully  developed. 
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It  is  a  characteristic  of  an  arc  channel  discharge  that 
the  current  density  remains  fairly  constant,  if  the  cur¬ 
rent  through  the  arc  is  increased,  the  arc  channel  ex¬ 
pands  in  diameter.  The  channel  cannot  expand  instan¬ 
taneously  however,  since  energy  must  be  put  into  the 
channel  to  cause  it  to  heat  up  sufficiently  to  force  it, 
to  expand.  Accordingly,  if  the  current  through  the  arc 
channel  is  increased  suddenly  by  a  large  magnitude, 
as  in  Fig.  2.14(a),  the  longitudinal  voltage  gradient  of 
the  channel  must  suddenly  increase. 

Since  the  rate  at  which  energy  is  injected  into  the 
channel  is  the  product  of  the  current  and  the  longitu¬ 
dinal  voltage  gradient,  the  increased  longitudinal  volt¬ 
age  gradient  may  be  taken  as  the  mechanism  forcing 
the  arc  channel  to  get  hot  enough  to  expand  to  the 
diameter  required  to  carry  the  high  currents. 

It  is  not  known  what  the  maximum  longitudinal 
voltage  gradient  would  be  in  a  lightning  channel,  but 
it  is  known  from  studies  of  arcs  in  laboratories  that  the 
gradient  will  fall  to  values  on  the  order  of  100  kV/m  in 
a  fraction  of  a  microsecond.  Presumably  in  a  few  mi¬ 
croseconds,  the  channel  diameter  will  have  expanded 
to  its  final  value,  and  the  longitudinal  voltage  gradient 
will  have  decayed  back  toward  values  on  the  order  of  5 
to  10  kV /m.  The  longitudinal  resistance,  then,  would 
fall  from  values  on  the  order  of  40  fi/m  to  values  on 
the  order  of  a  small  fraction  of  an  ohm  per  meter,  in 
times  on  the  order  of  a  few  microseconds. 

This  collapse  of  longitudinal  resistance,  however, 
is  far  from  instantaneous.  The  initial  resistance  of  the 
leader  is  high  enough  to  retard  the  development  of  the 
upward  going  return  stroke  and  hence  reduce  its  ve¬ 
locity  of  propagation  below  that  of  the  speed  of  light. 
Presumably,  leaders  which  lead  to  the  formation  of 
high  amplitude  lightning  currents  either  have  a  suffi¬ 
ciently  low  longitudinal  resistance  to  begin  with  or  the 
longitudinal  resistance  is  reduced  to  low  values  suffi¬ 
ciently  quickly  by  the  high  amplitude  return  strokes 
that  the  longitudinal  resistance  presents  less  of  an  ob¬ 
stacle  for  the  upward  going  return  stroke  than  it  does 
for  the  flashes  which  involve  lower  peak  currents. 

There  seems  to  have  been  little  work  that  would 
substantiate  the  above  estimates  of  longitudinal  gra¬ 
dient,  an  unfortunate  fact  since  the  voltage  along  a 
conducting  channel  is  of  considerable  importance  to 
the  question  of  swept  strokes  and  dwell  times,  a  sub¬ 
ject  discussed  further  in  Chapter  3. 

An  additional  factor  that  affects  the  velocity  of 
the  return  stroke,  and  is  the  second  reason  that  the 
velocity  is  less  than  the  speed  of  light,  is  shown  in 
Fig.  2.15.  As  explained  earlier,  the  leader  deposits 
in  its  wake  a  column  of  electrical  charge  with  diam¬ 
eters  on  the  order  of  several  meters.  At  the  center 
is  a  highly  conducting  core,  which  has  a  diameter  of 


a  few  millimeters  for  the  leader  and  which  expands 
to  a  few  centimeters  during  the  passage  of  the  return 
stroke.  The  inductance  of  this  return  stroke  is  deter¬ 
mined  by  the  diameter  of  the  highly  conductive  central 
core,  and  the  capacitance  by  the  diameter  of  the  col¬ 
umn  of  electrical  charge.  The  lightning  stroke  may 
then  be  modeled  as  shown  in  Fig.  2.15(b),  in  which  a 
highly  conductive  central  conductor  is  fastened  onto  a 
series  of  projecting  spines,  much  like  the  backbone  of 
a  fish. 


(b) 

Fig.  2.15  Effect  of  corona  cloud  on  velocity 
of  propagation. 

(a)  Distributed  charge  surrounding  a 
highly  conductive  central  core. 

(b)  Highly  conductive  central  conductor 
fastened  onto  a  series  of  projecting 
splines. 

A  better  analogy  might  be  to  view  the  lightning 
flash  as  a  piece  of  tinsel  rope  for  decorating  a  Christ¬ 
mas  tree:  a  central  piece  of  string  is  surrounded  by 
a  tube  of  fine  filaments  projecting  radially  away  from 
the  central  core.  In  either  case,  the  radial  filaments 
can  carry  &  radial  current,  ir,  but  cannot  carry  an  ax¬ 
ial  current,  .  Accordingly,  the  lightning  return  stroke 
has  both  a  high  capacitance  and  a  high  inductance  per 
unit  of  length.  In  this  respect  it  differs  from  a  solid 
conductor  of  large  diameter  which,  while  possessing  a 
high  capacitance  per  unit  length,  simultaneously  pos¬ 
sesses  a  low  inductance  per  unit  length.  It  follows 
that  the  surge  impedance,  governed  by  the  ratio  of  in¬ 
ductance  of  capacitance,  is  high  while  the  velocity  of 
propagation,  governed  by  the  product  of  inductance 
and  capacitance,  is  less  than  that  of  the  speed  of  light. 

impedance  of  the  flash:  Wagner  [2.21]  concludes  that 
the  surge  impedance  of  the  lightning  flash  is  of  the 
order  of  3000  ohms  for  return  strokes  of  large  ampli- 


26 


tude,  say  100  kA.  This  large  value  is  probably  resistive 
and  associated  with  the  head  of  the  return  stroke  as 
it  collects  the  charge  in  the  region  through  which  the 
leader  has  passed  and  so  is  probably  of  most  impor¬ 
tance  during  the  front  of  the  return  stroke  current. 
After  the  charge  has  been  collected  and  the  current  in 
the  channel  has  attained  its  final  value  the  longitudi¬ 
nal  resistance  will  be  quite  small  and  the  impedance 
will  be  determined  primarily  by  the  inductance  and 
capacitance  of  the  highly  conductive  lightning  channel 
and  more  nearly  the  surge  impedance  (500  ohms  )  of 
a  simple  conductor  in  air  and  remote  from  a  ground 
plane  or  other  current  return  path. 
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Fig.  2.16  FVont  waveshapes  of  lightning  currents 
as  measured  by  Berger  [2.16]. 


Waveshapes  of  current:  The  waveshapes  of  lightning 
flash  currents  measured  at  ground  level  are  reasonably 
well  known,  principally  from  the  work  of  Berger  [2.15, 
2.16].  Typical  waveshapes  detailing  the  front  of  the 
initial  return  stroke  are  shown  in  Figs.  2.16  and  2.17 
[2.22  and  2.23].  Fig.  2.17  shows  the  currents  on  two 
different  time  scales,  one  to  indicate  the  shape  of  the 
front  of  the  current  and  one  to  indicate  the  shape  of 
the  tail.  In  all  cases,  the  current  is  seen  to  have  a 
concave  front,  the  current  initially  rising  slowly,  but 
then  increasing  to  a  maximum  current  rate  of  change 
just  before  crest  amplitude  is  reached. 

It  may  be  speculated  that  the  initial  slowly  chang¬ 
ing  portion  of  these  current  oscillograms  (which,  of 
course,  were  measured  at  ground  level)  represents  the 
growth  of  an  upward  going  leader  from  the  lightning 
tower  reaching  upwards  to  contact  the  downward  ap¬ 
proaching  lightning  leader.  It  can  also  be  speculated^ 
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Fig.  2.17  Current  oscillograms  from  single  strokes  of 
first  downward  strokes  [2.16]. 

(a)  Fast  time  scale  0  -  50  ps 

(b)  Slow  time  scale  0  —  500  ps 
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that  the  maximum  rate  of  change  of  current,  which  oc¬ 
curs  just  before  crest,  is  most  representative  of  the  rate 
at  which  the  current  can  increase  in  the  lightning  chan¬ 
nel  as  the  return  stroke  passes  one  particular  point  in 
space.  This  is  supported  by  the  observation  that  sub¬ 
sequent  strokes  in  a  lightning  flash,  even  measured  at 
ground  level,  exhibit  front  times  considerably  faster 
than  the  rise  time  of  the  initial  stroke  in  the  flash. 
Subsequent  strokes  are  discussed  in  §2.2.7. 

The  true  front  time  of  the  leading  edge  of  the  re¬ 
turn  stroke  as  it  passes  a  point  remote  from  ground  has 
probably  never  been  measured.  It  seems  appropriate, 
however,  to  assume  that  it  will  be  faster  than  the  lead¬ 
ing  edge  of  currents  measured  at  ground  level.  Mea¬ 
surements  with  instrumented  aircraft  have  recorded 
the  front  times  of  lightning  currents,  but  many  of  the 
measurements  have  been  of  flashes  presumed  to  have 
been  triggered  by  the  aircraft.  Most  of  those  flashes 
seem  to  have  been  more  representative  of  intercloud 
flashes,  than  of  cloud  to  ground  flashes. 

2,2.6  Further  Development  of  the  Lightning 
Flash 

After  the  charge  has  been  drained  from  the  leader 
by  the  upwardly  moving  return  stroke,  the  current 
measured  at  the  ground  decays,  though  at  a  rate  slower 
than  that  at  which  the  current  rose  to  its  peak.  Oscil¬ 
lograms  showing  typical  decay  times  were  previously 
shown  in  Fig.  2.17.  The  figure  displays  the  current  on 
two  different  time  scales,  emphasizing  the  front  and 
the  tail.  Some  of  the  oscillograms  showing  the  front 
are  the  same  as  those  shown  in  Fig.  2.16. 

As  the  return  stroke  approaches  the  cloud,  it  may 
encounter  other  branches  of  the  leader,  as  shown  in 
Fig.  2.18.  As  it  passes  these  branches,  the  charge 
stored  in  them  will  feed  into  the  developing  lightning 
stroke  and  momentarily  increase  the  current. 

Eventually,  the  return  stroke  will  reach  the  cloud. 
An  understanding  of  the  phenomena  occurring  within 
the  cloud  is  hindered  by  not  being  able  to  see  what 
takes  place  in  the  cloud,  but  some  of  the  phenom¬ 
ena  can  be  inferred  from  measurements  of  electrical 
radiation  produced  by  the  developing  flash  and  from 
the  usual  behavior  of  the  flash  after  the  initial  return 
stroke  has  passed.  As  the  return  stroke  reaches  into 
the  cloud,  it  appears  to  encounter  a  much  more  heav¬ 
ily  branched  leader  than  it  did  in  the  air  below  the 
cloud.  The  return  stroke  can  thus  tap  the  charge  dif¬ 
fused  through  a  large  volume  of  the  cloud,  rather  than 
only  the  charge  in  the  more  localized  leader.  It  would 
appear  to  be  during  this  period  that  the  intermediate 
current  is  developed. 

As  the  discharge  continues  to  spread  through  the 
cloud,  for  times  on  the  order  of  fractions  of  a  second, 


currents  on  the  order  of  a  few  hundred  amperes  con¬ 
tinue  to  flow  in  the  lightning  flash.  These  are  referred 
to  as  continuing  currents.  As  one  may  expect,  there 
is  no  clear-cut  demarcation  between  the  tail  of  the  re¬ 
turn  stroke  and  the  intermediate  current,  or  between 
the  end  of  the  intermediate  current  and  the  start  of 
the  continuing  current. 


Fig.  2.18  Further  development  of  the  flash. 

2.2.7.  Subsequent  Return  Strokes 

Usually  the  developing  discharge  within  the  cloud 
will  eventually  reach  into  a  different  cell  of  the  cloud 
or,  at  any  rate,  into  a  region  where  there  is  another 
localized  body  of  electrical  charge. 

At  this  stage  there  occurs  what  is  called  a  restrike, 
Component  F  of  Fig.  2.1(c).  The  restrike  starts  with 
additional  charge  being  lowered  from  the  cloud  to  form 
a  new  leader,  or,  more  properly,  to  recharge  the  central 
portion  of  the  old  leader.  Presumably,  because  of  the 
residual  ionization  in  the  channel,  this  charging  pro¬ 
cess  occurs  smoothly,  not  in  the  step-by-step  process 
by  which  the  initial  leader  penetrates  into  the  virgin 
air.  Accordingly,  this  is  called  a  dart  leader  instead  of 
a  stepped  leader.  Unlike  the  initial  stepped  leader,  the 
dart  leader  is  seldom  branched.  When  the  dart  leader 
reaches  ground  level,  a  return  stroke  again  occurs.  The 
amplitude  of  this  return  stroke  is  again  high,  since  the 
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current  comes  from  an  intensely  ionized  region  close  to 
the  ground.  While  the  amplitude  is  usually  not  as  high 
as  that  of  the  first  return  stroke,  the  current  rises  to 
crest  more  rapidly  than  does  that  of  the  initial  return 
stroke,  presumably  because  the  upward  leader  from 
the  ground  does  not  have  to  propagate  into  virgin  air. 

An  oscillogram  of  an  actual  subsequent  return 
stroke  was  previously  shown  on  Fig,  2.11.  Anderson 
and  Ericksson  [2.24]  averaged  the  results  of  many  dif¬ 
ferent  recordings  and  derived  the  composite  picture  of 
the  front  of  first  and  subsequent  return  strokes  shown 
on  Fig.  2.19. 


First 
return 
stroke 


Subsequent 

return 

stroke 


Fig.  2.19  Pictures  of  “averaged”  first  and 
subsequent  return  strokes. 
Adapted  from  [2.24]. 


2.2.8  Lightning  Polarity  and  Direction 


Most  lightning  flashes  originate  in  the  cloud  and 
lower  negative  charge  to  earth.  The  question  of  di¬ 
rection  of  the  lightning  flash  is  sometimes  confusing. 
With  the  intent  of  clarifying  matters,  the  statement  is 
sometimes  made  that  lightning  strikes  upward  and  not 
downward.  This  is  at  least  partially  true;  the  return 
stroke  that  produces  the  high  peak  currents,  thunder, 
and  the  highest  intensity  light,  in  fact  does  start  near 
the  ground  and  grows  upward  into  the  ionized  chan¬ 
nel  previously  established  by  the  stepped  leader,  thus 
tapping  the  charge  in  the  stepped  leader.  The  stepped 
leader,  nevertheless,  originates  at  the  cloud  and  lowers 
electrons  into  the  leader  channel,  from  whence  they  ul¬ 
timately  flow  into  the  ground.  The  source  of  energy  is 
in  the  cloud,  and  the  lower  amplitude  and  longer  dura¬ 
tion  currents  have  their  origin  in  the  charge  stored  in 
the  cloud.  In  terms  of  the  engineering  definition  of  cur¬ 
rent  (positive  to  negative,  opposite  to  the  direction  of 
electrons),  these  flashes  result  in  the  direction  of  cur¬ 
rent  flow  being  from  the  earth  to  the  cloud,  but  since 
the  electrons  flow  into  the  earth  this  type  is  commonly 
called  a  negative  polarity  flash. 


Flashes  originating  at  the  ground:  When  tall  build¬ 
ings  or  mountain  tops  are  involved,  the  lightning  flash 
often  does  originate  at  the  ground;  the  stepped  leader 
starts  at  ground  level  and  propagates  upwards  into 
the  cloud.  Such  flashes  seem  to  be  triggered  by  the 
high  electric  field  concentrated  around  the  top  of  the 
building  or  mountain.  They  may  be  recognized  by 
the  upward  direction  of  branching,  as  mentioned  ear¬ 
lier  and  shown  in  Fig.  2.9(b).  Most  commonly  this 
type  of  flash  is  induced  by  a  negatively  charged  cloud, 
or  at  least  by  a  cloud  having  an  excess  of  negative 
charge  in  its  lower  regions  and  the  step  leader  carries 
positive  charge  upwards  into  the  cloud.  This  type  of 
flash  starts  off  with  a  relatively  low  continuing  cur¬ 
rent  and  lacks  the  original  high  current  return  stroke 
typical  of  flashes  in  which  the  leader  originates  at  the 
cloud.  Subsequent  strokes,  if  they  occur,  will  be  simi¬ 
lar  to  those  found  in  flashes  that  originate  at  the  cloud. 
Flashes  of  this  nature  can  also  be  triggered  artifically 
by  launching  from  the  ground  a  small  rocket  trailing 
a  wire  attached  to  the  ground. 

Positive  flashes:  Some  flashes,  perhaps  10%  of  the  to¬ 
tal,  lower  positive  charge  to  the  earth  (or  more  accu¬ 
rately  transport  electrons  from  the  earth  to  the  cloud) 
and  are  accordingly  called  positive  flashes.  As  with 
negative  flashes  they  may  either  involve  a  leader  that 
initially  propagates  from  the  cloud  towards  the  earth, 
or  they  may  involve  a  leader  that  initially  propagates 
from  the  earth  towards  the  cloud.  A  fraction  of  these 
positive  flashes  involve  the  highest  peak  currents  and 
charge  found  associated  with  lightning.  Examples  of 
some  of  these  strong  positive  flashes  are  shown  in  Fig. 
2.20  [2.23].  They  typically  have  only  one  high  current 
stroke  and  lack  the  restrike  phase  generally  noted  on 
flashes  of  negative  polarity.  There  is  some  evidence 
that  lightning  flashes  that  occur  in  the  winter  as  a  re¬ 
sult  of  snow  are  of  positive  polarity  and  of  exceptional 
severity.  There  is  also  some  evidence  that  these  very 
high  amplitude  positive  flashes  occur  as  a  result  of  the 
air  at  the  top  of  the  cloud,  the  air  that  is  known  to 
contain  positive  charge,  being  transported  close  to  the 
ground  before  the  charge  has  a  chance  to  flow  off  to 
the  ionosphere. 

2.3  Intracloud  Flashes 

Intracloud  flashes  occur  between  charge  centers 
in  the  cloud.  A  distinguishing  characteristic  of  intra¬ 
cloud  flashes  is  that  they  seem  to  lack  the  intense  re¬ 
turn  stroke  phase  typical  of  flashes  to  the  ground,  or  at 
least  that  the  electrical  radiation  associated  with  true 
intracloud  discharges  lacks  the  characteristics  associ¬ 
ated  with  the  return  stroke  of  cloud-to-ground  flashes. 
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Discharges  between  charge  centers  take  place  during 
cloud-to-ground  flashes  as  well,  and,  to  an  observer 
within  an  aircraft,  it  may  be  difficult  to  tell  whether 
or  not  a  flash  to  ground  occurred. 

With  regard  to  aircraft  the  matter  may  be  aca¬ 
demic.  Aircraft  are  struck  underneath  clouds  by  clear- 
cut  cloud-to-ground  flashes  and  also  by  flashes  within 
clouds.  Based  on  the  damage  observed,  the  peak  cur¬ 
rent  sometimes  is  very  high.  Whether  the  high  cur¬ 
rent  was  associated  with  the  upper  end  of  a  cloud- 
to-ground  flash  or  with  a  true  intracloud  flash  makes 
little  difference. 

In  temperate  regions  about  two-thirds  of  all  light¬ 
ning  flashes  are  intracloud  flashes.  In  tropical  regions, 
where  there  is  more  lightning  activity,  the  ratio  is 
higher. 


Aircraft  may  be  able  to  trigger  lightning  by  flying 
through  a  heavily  charged  region  of  a  cloud.  There  is 
no  consensus  as  to  whether  this  takes  place  routinely, 
but  triggering  has  definitely  been  observed  with  re¬ 
search  aircraft  that  are  flown  into  thunderstorms  seek¬ 
ing  to  intercept  lightning  and  measure  its  characteris¬ 
tics.  The  flashes  that  have  been  triggered  seem  to  have 
more  of  the  characteristics  associated  with  intracloud 
lightning  than  with  those  associated  with  cloud-to- 
ground  lightning.  In  particular  the  flashes  that  have 
been  triggered  have  lacked  a  high  amplitude  return 
stroke.  The  question  of  triggered  lightning  is  discussed 
further  in  Chapter  3. 


Fig.  2.20  Examples  of  strong  positive  strokes  [2.16]. 

(a)  Fast  time  scale  0  —  100  ps 

(b)  Slow  time  scale  0  -  2000  ps 

Qs  Electric  charge  (coulombs)  within  2  ps  from  the  origin 
Qk  Electric  charge  (coulombs)  in  the  continuing  current  after  2  ps 
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2.4  Superstrokes 


2.5.1  The  Anderson  and  Ericksson  Data 


There  is  some  evidence  that  there  are  sometimes 
lightning  flashes  that  are  much  more  powerful  than 
those  normally  encountered,  perhaps  by  one  or  two 
orders  of  magnitude.  Some  of  the  evidence  is  anecdo¬ 
tal  and  derived  by  examination  of  the  damage  caused 
by  the  lightning  flash,  such  as  conductors  twisted  by 
magnetic  forces  or  glass  shattered  over  wide  areas. 
Other  evidence  comes  from  observations  by  satellites 
deployed  to  watch  for  evidence  of  nuclear  explosions  in 
the  atmosphere.  Little  is  known  of  these  superstrokes 
other  than  that  they  are  rare,  but  do  exist.  Those 
observed  by  satellites  seem  to  be  associated  with  the 
upper  areas  of  clouds,  but  there  is  other  evidence  that 
winter  storms  in  portions  of  Japan  produce  lightning 
flashes  of  exceptional  severity.  This  probably  has  to  do 
with  proximity  to  the  ocean  and  the  fact  that  the  freez¬ 
ing  level  in  the  clouds  is  quite  low  to  the  ground.  Data 
on  these  superstrokes  is  practically  non-existent  and 
because  of  their  evident  rarity  they  are  not  presently 
considered  in  studies  related  to  lightning  protection  of 
aircraft. 


2.5  Statistical  Information  on  Earth  Flashes 

Lightning  flashes  are  quite  variable  from  one  to 
another.  Peak  currents,  total  duration,  waveshapes, 
number  of  strokes  in  the  flash,  charge  transferred,  etc., 
may  all  vary  over  wide  limits,  and  only  in  general  terms 
can  one  find  a  correlation  between  different  parame¬ 
ters.  Data  on  the  characteristics  of  lightning  sire  best 
presented  in  statistical  terms,  the  mode  that  will  be 
used  in  the  following  sections. 

One  item,  that  needs  to  be  emphasized  is  that 
virtually  all  the  data  on  lightning  comes  from  mea¬ 
surements  made  at  ground  level,  and  these  measure¬ 
ments  are  probably  influenced  by  the  growth  of  an  up¬ 
ward  leader.  In  recent  years  some  measurements  have 
been  made  of  the  amplitude  and  waveshape  of  light¬ 
ning  currents  passing  through  aircraft.  Most  of  the 
measurements  that  have  been  made  were  of  strokes 
with  lower  peak  currents  and  longer  times  to  crest 
than  those  often  observed  at  ground  level.  In  part 
this  may  be  explained  by  chance,  but  mostly  it  can 
be  explained  by  the  fact  that  most  of  the  flashes  were 
triggered  by  the  aircraft  and  are  more  characteristic 
of  intracloud  flashes  them  of  cloud-to-ground  flashes. 
As  noted  earlier,  intracloud  flashes  often  lack  the 
well-defined  high-amplitude  return  stroke  of  cloud- 
to-ground  flashes. 

There  are  two  main  summaries  of  the  characteris¬ 
tics  of  lightning;  one  made  by  Anderson  and  Erickson 
and  one  by  Cianos  and  Pierce. 


Anderson  and  Ericksson  [2.24,  2.25]  took  mea¬ 
sured  waveshape  data  from  a  number  of  lightning 
strokes  (principally  those  recorded  by  Berger  on  Mt. 
San  Salvatore)  and  derived  several  sets  of  statistical 
data.  Fig.  2.21  gives  the  key  to  the  statistical  data 
that  follows  in  Figs.  2.22  through  2.29.  The  figures 
show  data  for  both  initial  and  subsequent  strokes.  As 
speculated  in  §2.2.5,  the  data  on  steepness  just  before 
the  peak  current  is  reached  may  best  represent  the  rate 
of  change  of  current  to  consider  for  aircraft. 


first  current  peak 

nU-nf-rit 


front  duration  30%  -  90% 
average  steepness  30%  —  60% 

average  steepness  10%  —  90% 
front  duration  10%  -  90% 


nnmnl  nefllr 


Fig.  2.21  Definition  of  waveform  parameters. 

Adapted  from  [2.24], 

2.5.2  The  Cianos  and  Pierce  Data 

Cianos  surd  Pierce  [2.26]  observed  that  many  of 
the  statistical  characteristics  of  lightning  were  nearly 
linear  when  plotted  as  log-normal  distributions;  that  is 
on  a  plot  having  a  logarithmic  ordinate  and  an  abscissa 
of  normal  distribution.  They  then  made  a  judgement 
as  to  the  straight  line  that  was  the  best  fit  to  the  ex¬ 
perimentally  observed  data  on  such  a  plot.  The  figures 
that  follow  are  reproduced  from  their  report. 


Peak  currents:  Fig.  2.30  shows  data  on  the  peak  cur¬ 
rent;  amplitude  in  lightning  strokes.  The  peak  value 
of  the  current  is  related  to  the  explosive,  or  blasting, 
effect  of  lightning.  It  is  also  related  to  the  maximum 
voltage  developed  across  ground  resistance  and  hence 
to  the  risk  of  side  flashes  occurring  in  the  vicinity  of 
objects  struck.  It  is  also  related  to  the  maximum  volt¬ 
age  developed  across  bonding  resistance  and  hence  to 
the  possibility  of  sparking  at  structural  interfaces.  Re¬ 
garding  the  damage  that  may  be  caused  by  lightning, 
this  is  one  of  the  most  important  parameters.  There 
are  two  curves  shown,  one  for  the  first  return  strokes 
and  one  for  subsequent  strokes.  The  first  return  stroke 
is  generally  of  the  highest  amplitude.  For  engineering 
analysis,  Cianos  and  Pierce  have  determined  that  sub¬ 
sequent  return  strokes  may  be  represented  ao  half  the 
amplitude  of  the  first  return  stroke.  Marked  on  the 
curves  are  the  amplitudes  corresponding  to  the  2,  10, 
50,  90,  and  98%  probabilities. 
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IcA/microsec  kA/microsec  kilo  amperes 


Fig.  2.28  FVont  duration  10-90%. 
Adapted  from  [2.24]. 
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Fig.  2.29  Ftont  duration  30-90%. 

Adapted  from  [2.24]. 
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Fig.  2.30  Distribution  of  peak  currents  for  first  return 
stroke  and  subsequent  strokes  [2.26]. 


Ri««  tim«  and  rata  of  change  Fig.  2.31  gives  a  dis¬ 
tribution  of  the  time  for  the  current  to  reach  its  peak 
amplitude.  This  time  is  subject  to  considerable  in¬ 
terpretation  for  any  particular  lightning  stroke,  since 
there  is  seldom  a  clearly  definable  time  at  which  the 
stroke  starts.  Lightning  strokes  typically  have  a  con¬ 
cave  front,  starting  out  slowly  and  then  rising  faster 
as  the  current  gets  higher.  Thus,  the  effective  rate  of 


rise  of  the  lightning  current  is  not  directly  obtained  by 
dividing  the  peak  current  by  the  front  time. 

The  best  summary  of  the  effective  rates  of  rise  is 
given  on  Fig.  2.32.  The  rate  of  rise  of  lightning  cur¬ 
rent  is  an  important  factor  in  determining  how  much 
voltage  is  induced  into  electrical  equipment,  and  in  de¬ 
termining  how  many  lightning  conductors  are  needed 
and  how  they  should  be  placed. 
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Flash  duration:  The  duration  of  the  stroke  current 
affects  the  distance  across  which  side  flashes  may  de¬ 
velop,  and  affects  how  severely  metal  structures  may 
be  deformed  by  magnetic  forces  or  the  explosive  lib¬ 
eration  of  energy.  This  distribution  is  shown  in  Fig. 
2.33.  The  duration  of  the  stroke,  which  is  measured  in 
tens  of  microseconds,  should  not  be  confused  with  the 
total  duration  of  the  lightning  flash.  The  total  dura¬ 
tion  of  the  flash,  shown  in  Fig.  2.34,  is  frequently  on 
the  order  of  a  second.  The  duration  of  the  total  flash 
is  influenced  by  the  number  of  return  strokes  in  the 
flash  (Fig.  2.35)  and  the  time  interval  between  strokes 
(Fig.  2.36). 

Charge  transfer:  Fig.  2.37  gives  information  on  the 
total  charge  transferred  in  the  flash.  Little  of  the 
charge  is  transferred  by  any  one  stroke.  Instead,  most 


of  it  is  transferred  by  the  continuing  currents.  The  to¬ 
tal  charge  transfer  and  the  amplitude  and  duration  of 
the  continuing  currents  largely  govern  the  thermal  ef¬ 
fects  of  lightning.  Data  on  the  characteristics  of  these 
continuing  currents  are  shown  in  Fig.  2,38,  2.39,  and 
2.40. 

2.6  Thunderstorm  Frequency  and  Lightning 
Flash  Density 

One  of  the  major  factors  to  consider  in  determin¬ 
ing  the  probability  of  lightning  damage  is  the  number 
of  lightning  flashes  to  earth  in  a  given  area  and  for  a 
given  time.  Since  precise  quantitative  data  do  not  exist 
(except  at  a  few  specifically  instrumented  structures), 
a  secondary  measure,  the  frequency  of  thunderstorms, 
is  used. 


Fig.  2.31  Time  to  peak  [2.26). 


Fig.  2.33  Time  to  current  half  value  (2.28). 


Fig.  2.32  Rates  of  rise  [2.26]. 
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Fig.  2.34  Duration  of  flashes  to  earth  (2  26). 
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strokes  per  flash 


Fig.  2.35  Number  of  return  strokes  per  flash  [2.26]. 


Fig.  2.37  Charge  per  flash  (2.26]. 


Fig.  2.36  Time  interval  between  strokes  [2.26]. 
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Fig.  2.38  Charge  in  continuing  current  [2.26]. 


Fig.  2.39  Amplitude  of  continuing  current  [2.26]. 


Fig.  2.40  Duration  of  continuing  current  [2.26]. 


Thunderstorm  days:  For  many  years,  weather  bureau 
stations  have  recorded  thunderstorm  days  (the  num¬ 
ber  of  days  per  year  on  which  thunder  is  heard).  This 
index,  called  the  isokeraunic  level,  is  shown  for  the 
continental  United  States  in  Fig.  2.41  [2.28).  Similar 
data  for  the  world  as  a  whole  is  shown  on  Fig.  2.42 
[2.29).  It  should  be  noted  that  the  information  so  col¬ 
lected  is  of  limited  value  for  several  reasons.  First  of 
all,  no  distinction  is  made  between  cloud-  to-cloud  dis¬ 
charges  and  cloud-to-ground  flashes.  Also,  there  is  no 
allowance  for  the  duration  of  a  storm.  A  storm  lasting 
an  hour  would  be  counted  as  heavily  as  one  lasting 
several  hours. 

A  better  indicator  of  lightning  frequency  would  be 
thunderstorm  hours  per  year.  Some  weather  bureau 
records  are  now  being  made  of  thunderstorm  hours, 
but  not  much  data  has  been  accumulated, 

Flash  density:  Despite  its  limitations,  the  data  on 
isokeraunic  levels  is  broadly  useful  and  can  be  corre¬ 
lated  at  least  partially  with  lightning  strokes  to  earth- 
based  objects.  Pierce  [2.27]  has  summarized  some  of 
the  available  data  and  concludes  that  if  there  are  25 
thunderstorm  days  per  year  that  there  will  be  about 
4  flashes  to  earth  per  year  per  km2.  The  ground  flash 
rate  is  is  not  directly  proportional  to  the  isokeraunic 
level;  it  varies  more  as  the  square  of  the  isokeraunic 
level.  Anderson  and  Erieksson  [2.24]  also  discuss  the 
relationship  between  ground  flash  density  and  thun¬ 
derstorm  days. 


The  count  of  thunderstorm  days  includes  both 
flashes  between  clouds  and  flashes  to  ground.  There  is 
some  evidence  that  the  proportion  of  flashes  that  go 
to  ground  is  related  to  the  geographical  latitude  of  the 
point  under  study.  This  relation  would  exist  because 
the  proportion  of  flashes  to  ground  depends  partly  on 
the  average  height  of  clouds,  and  this,  in  turn,  depends 
on  the  type  of  storm  formation.  Pierce  takes  that  fac¬ 
tor  into  account  in  his  discussion  of  the  relationship 
between  ground  flash  density  and  thunderstorm  days. 

Flash  counters:  A  better  measure  of  lightning  fre¬ 
quency  would  be  based  on  counts  of  actual  lightning 
flashes,  as  opposed  to  counts  of  thunder.  Instruments 
are  available  to  make  such  counts. 

One  relatively  simple  type  [2.30]  detects  the  elec¬ 
tric  field  changes  produced  by  lightning  and  records 
on  an  electromechanical  counter  the  number  of  times 
the  field  change  exceeds  a  threshold  value.  By  suitable 
choice  of  Alters  defining  the  frequencies  to  which  the 
device  is  sensitive  it  can  be  made  to  respond  to  flashes 
within  a  certain  range,  generally  on  the  order  of  30 
km.  They  can  also  be  made  to  respond  primarily  to 
cloud  to  ground  flashes  and  to  reject  field  changes  as¬ 
sociated  with  cloud  to  cloud  flashes.  Networks  of  such 
instruments  have  been  deployed  in  South  Africa  and 
parts  of  Europe,  but  no  systematic  use  has  been  made 
of  them  in  the  USA. 
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Fig.  2.42  Isokeraunic  level  of  the  world  [2.29]. 


Lightning  location:  Another  type  of  instrument  [2.31 
-  2.33]  uses  antennas  to  respond  to  both  the  elec¬ 
tric  and  magnetic  field  changes  produced  by  lightning, 
since  by  doing  so  one  can  determine  the  bearing  of  the 
lightning  flash.  Linking  networks  of  such  instruments 
allows  the  location  of  flashes  to  be  calculated  and  plot¬ 
ted  on  a  map,  usually  in  near  real  time.  The  instru¬ 
ments  can  also  be  used  to  determine  the  waveshape 
and  peak  amplitude  of  the  lightning  strokes.  Networks 
of  such  instruments  are  now  to  be  found  in  several  re¬ 
gions  of  the  USA  and  in  due  course  should  provide 
much  more  accurate  information  on  the  frequency  of 
lightning  in  various  parts  of  the  country. 


sumed  that  a  structure  of  height  h  will  intercept  all 
flashes  that  would  ordinarily  strike  the  ground  over  a 
circle  of  radius  2 h.  Fig.  2.43  illustrates  the  geometry. 


less  well 
shielded 
region 


Number  of  lightning  flaihai:  The  number  of  light¬ 
ning  flashes  to  any  particular  object  depends  strongly 
on  the  terrain  upon  which  the  object  is  situated.  Ob¬ 
jects  on  the  crests  of  hills  are  more  prone  to  be  struck 
than  are  objects  in  valleys.  All  other  things  consid¬ 
ered,  however,  the  probability  that  a  given  object  will 
be  struck  depends  upon  the  area  covered  by  that  ob¬ 
ject.  For  objects  flat  upon  the  ground  the  strike  inter¬ 
ception  area  can  be  taken  as  directly  equal  to  the  area 
covered.  If  there  is  a  protruding  object  on  the  ground, 
the  stroke  interception  area  depends  upon  the  height 
of  the  object.  With  reasonable  accuracy,  it  can  be  as- 


Fig.  2.43  Shielded  areas. 

It  is  not  as  easy  to  determine  analytically  how 
often  aircraft  in  flight  will  be  struck.  Field  experi¬ 
ence  seems  to  be  the  only  reliable  guide.  Commercial 
aircraft  in  regularly  scheduled  service  in  the  United 
States  are  struck  about  once  per  year,  frequently  while 
in  takeoff,  landing,  or  holding  patterns,  and  usually 
while  flying  at  less  than  15  000  ft.  altitude.  Trans¬ 
port  aircraft  are  seldom  struck  while  at  cruising  al¬ 
titudes  and  speeds,  partly  of  course  as  a  result  of  the 
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fact  that  storms  usually  can  be,  and  are,  avoided.  Air¬ 
craft  constrained  to  operate  at  low  altitudes  and  along 
fixed  corridors  tend  to  be  struck  more  often.  Military 
aircraft  tend  to  be  struck  less  often  than  commercial 
aircraft,  since  they  are  flown  in  training  flights,  which 
are  usually  scheduled  during  good  weather,  much  more 
often  than  in  combat. 

The  question  of  how  often  aircraft  encounter  light¬ 
ning  is  discussed  further  in  Chapter  3. 

2.7  Engineering  Models  of  Lightning 
Flashes 

Pierce  in  [2.26]  gives  severe!  models  of  the  current 
flowing  in  both  typical  and  severe  lightning  flashes. 
These  influenced  the  lightning  models  to  which  the 
Space  Shuttle  was  designed,  Fig.  2.44,  [2.34]  and  it  in 
turn  strongly  influenced  the  lightning  models  presently 
used  for  the  certification  of  aircraft.  These  are  dis¬ 
cussed  in  subsequent  chapters.  All  of  these  are  ideal¬ 
ized  models  for  purposes  of  design  and  analysis.  As 
such  they  duplicate  the  effects  (usually  worst  case  ef¬ 
fects)  of  lightning,  but  the  chance  of  any  real  lightning 
flash  producing  currents  of  this  exact  shape  is  usually 
zero.  The  models  shown  in  [2.26]  should  not  be  used 
as  specifications  for  purposes  of  testing  since  it  may  be 
very  difficult  and  expensive  for  them  to  be  produced  in 
a  testing  laboratory.  Waveforms  to  be  used  for  speci¬ 
fications  and  testing  are  discussed  in  Chapter  5. 
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Chapter  3 


AIRCRAFT  LIGHTNING  ATTACHMENT  PHENOMENA 


3.1  Introduction 

This  chapter  will  deal  with  the  circumstances  un¬ 
der  which  aircraft  are  struck  by  lightning  and  the 
question  of  whether  aircraft  can  trigger  lightning  or 
whether  they  just  happen  to  be  in  the  path  of  a  natu¬ 
rally  occurring  flash.  It  also  deals  with  how  the  light¬ 
ning  flash  interacts  with  the  aircraft  surfaces  and  de¬ 
fines  the  lightning  strike  zones  within  which  these  sur¬ 
faces  fall.  Methods  for  locating  the  zones  on  specific 
aircraft  are  discussed  in  Chapter  5. 

Statistics  on  lightning  strikes  reported  by  aircraft 
pilots  seem  to  indicate  that  no  aircraft  is  likely  to  re¬ 
ceive  more  than  one  or  two  lightning  strikes  in  a  year, 
but  that  some  types  of  aircraft  receive  more  strikes 
than  others.  Compared  with  exposure  to  other  haz¬ 
ards,  such  as  hail,  birds  and  turbulence,  which  are  also 
encountered  during  flight,  the  exposure  of  aircraft  to 
lightning  strikes  seems  relatively  infrequent.  Because 
of  this,  incorporation  of  lightning  protective  measures 
in  the  designs  of  some  aircraft  has  been  considered,  by 
some,  unnecessary.  The  question  also  arises:  “If  light¬ 
ning  strikes  do  in  fact  occur  infrequently,  can  they  be 
avoided  altogether?”  Because  some  types  of  aircraft 
seem  to  experience  more  than  their  “fair  share”  of 
lightning  strikes,  a  related  question  also  arises:  “Why 
are  some  aircraft  (seemingly)  more  susceptible  than 
others?” 

To  answer  these  questions  a  considerable  amount 
of  research  into  the  effects  of  such  factors  as  aircraft 
size,  engine  exhaust,  and  microwave  radar  emissions 
on  lightning  strike  formation  have  been  undertaken 
over  the  years.  Much  of  this  research  has  been  aimed 
at  answering  the  question  of  whether  or  not  an  air¬ 
craft  can  in  fact  somehow  produce  its  own  lightning 
strike,  or  if  it  can  trigger  an  impending  flash  from  a 
nearby  cloud.  While  some  of  the  findings  are  incon¬ 
clusive,  others  have  provided  definite  answers  to  some 
of  these  questions.  In  this  chapter  we  summarize  what 
has  been  learned  about  the  aircraft’s  influence  on  light¬ 
ning  strike  occurrence  and  dispel  some  other  miscon¬ 
ceptions  about  this  phenomenon.  We  also  examine 
how  other  factors,  such  as  flight  and  weather  condi¬ 
tions,  affect  lightning  strikes  and  conclude  with  why  it 
is  important  that  lightning  protection  be  incorporated 
into  all  new  aircraft  designs. 

The  atmospheric  and  flight  conditions  prevailing 
when  aircraft  have  been  struck  by  lightning  have  been 


of  interest  since  the  beginning  of  powered  flight  be¬ 
cause  lightning  and  other  thunderstorm  effects,  such  as 
turbulence  and  icing,  are  to  be  avoided  if  possible.  To 
learn  about  these  conditions,  various  lightning  strike 
incident  reporting  projects  have  been  implemented. 
Beginning  in  1938,  the  Subcommittee  on  Meteorolog¬ 
ical  Problems  of  the  National  Advisory  Committee 
for  Aeronautics  (NACA)  prepared  and  distributed  a 
sixteen  page  questionnaire  to  airlines  and  the  Armed 
Forces  [3.1].  Pilots  filled  out  these  questionnaires  after 
each  lightning  strike  incident  and  forwarded  them  to 
the  NACA  subcommittee  for  analysis.  The  question¬ 
naire  was  evidently  too  long  for  widespread  use,  how¬ 
ever,  and  was  discontinued  by  1950.  Nevertheless,  the 
program  provided  important  data  for  the  first  time  on 
the  meteorological  conditions  prevailing  when  strikes 
occurred  and  the  resulting  effects  on  the  aircraft. 

Following  that,  programs  were  conducted  by  the 
Lightning  and  Transients  Research  Institute  (LTRI) 
[3.2],  the  FA  A  [3.3]  and  Plumer  and  Hourihan  of  Gen¬ 
eral  Electric,  together  with  five  US  commercial  air¬ 
lines  [3.4],  This  latter  project  is  known  as  the  Airlines 
Lightning  Strike  Reporting  Project.  Anderson  and 
Kroninger  of  South  Africa  [3.5],  Perry  of  the  British 
Civil  Aviation  Authority  [3.6],  and  Trunov  of  the 
USSR  National  Research  Institute  for  Civil  Aviation 
[3.7]  have  also  conducted  studies.  More  recent  data 
from  the  Airlines  Lightning  Strike  Reporting  Project 
has  been  reported  by  Rascb  et  al  of  FAA  and  Lightning 
Technologies  Inc.  [3.8]. 

Strike  incidence  data,  based  largely  on  turbojet  or 
turboprop  aircraft,  is  usually  summarized  according  to 
the  following  categories: 

1.  Altitude. 

2.  Flight  path;  that  is,  climbing,  level  flight,  or  de¬ 
scent. 

3.  Meteorological  conditions. 

4.  Outside  air  temperature 

5.  Lightning  strike  effects  on  the  aircraft 

Altitude,  flight  path,  meteorological  conditions, 
and  air  temperature  are  topics  discussed  in  this  chap¬ 
ter.  Lightning  strike  effects  on  aircraft  will  be  dis¬ 
cussed  in  the  succeeding  chapter. 
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3.2  Lightning  Attachment  Point  Definitions 

The  lightning  flash  initially  attaches  to,  or  enters, 
the  aircraft  at  one  spot  and  exits  from  another.  Usu¬ 
ally  these  are  extremities  of  the  aircraft  such  as  the 
nose  or  a  wing  tip.  For  convenience,  these  are  called 
initial  entry  and  initial  exit  points. 

At  any  one  time,  current  is  flowing  into  one  point 
and  out  of  another.  The  “entry”  point  may  be  either 
an  anode  or  a  cathode;  that  is,  a  spot  where  electrons 
are  either  entering  or  exiting  the  aircraft.  The  visual 
evidence  after  the  strike  does  not  allow  one  to  resolve 
the  issue  and  usually  no  attempt  is  made.  Instead,  by 
convention,  attachment  spots  at  forward  or  upper  loca¬ 
tions  have  usually  been  called  entry  spots  and  those  at 
aft  or  lower  locations  on  the  aircraft  have  been  termed 
exit  points. 

Since  the  aircraft  flies  more  than  it’s  own  length 
within  the  lifetime  of  most  flashes,  the  entry  point  will 
change  as  the  flash  reattaches  to  other  spots  aft  of  the 
initial  entry  point.  The  exit  portion  may  do  the  same 
if  the  initial  exit  spot  is  at  a  forward  portion  of  the 
aircraft.  Thus,  for  any  one  flash,  there  may  be  many 
“entry”  or  “exit”  spots  and  the  following  definitions 
are  used: 

lightning  attachment  point:  Any  spot  where  the 
lightning  flash  attaches  to  the  aircraft. 

initial  entry  point:  The  spot  where  the  lightning  flash 
channel  first  “enters”  the  aircraft  (usually  an  extrem¬ 
ity). 

final  entry  point:  The  spot  where  the  lightning  flash 
channel  last  “enters”  the  aircraft  (usually  a  trailing 
edge). 

initial  exit  point:  The  spot  where  the  lightning  flash 
channel  first  “exits”  from  the  aircraft  (usually  an  ex¬ 
tremity). 

final  exit  point:  The  spot  where  the  lightning  flash 
last  “exits”  from  the  aircraft  (usually  a  trailing  edge). 

swept  “flash”  (or  “strike”)  points:  Spots  where  the 
flash  channel  reattaches  between  the  initial  and  final 
points,  usually  associated  with  the  entry  part  of  the 
flash  channel. 

3.3  Circumstances  Under  Which  Aircraft  are 
Struck 

The  following  paragraphs  summarize  the  impor¬ 
tant  findings  from  the  transport  aircraft  data  gather¬ 
ing  projects  noted  previously  and  describe  the  flight 
and  weather  conditions  under  which  lightning  strikes 
are  most  common.  Knowledge  of  these  conditions  may 


help  pilots  and  minimize  future  lightning  strike  inci¬ 
dents,  but  such  incidents  can  never  be  entirely  avoided, 
unless  by  operating  entirely  in  clear,  “blue  sky”  con¬ 
ditions  a  long  way  from  clouds. 

3.3.1  Altitude  and  Flight  Path 

Fig.  3.1  shows  the  altitudes  at  which  the  re¬ 
porting  projects  discussed  above  show  aircraft  are  be¬ 
ing  struck,  as  compared  with  a  typical  cumulonimbus 
(thunder)  cloud.  The  turbojet  and  turboprop  data 
from  the  four  summaries  are  in  close  agreement.  For 
comparison,  the  data  from  the  earlier  piston  aircraft 
survey  of  Newman  [3.2]  are  also  presented.  Cruise  alti¬ 
tudes  of  10  -15  000  m  (30  -  40  000  ft)  for  jet  aircraft  are 
considerably  higher  (15  km)  than  that  of  earlier  pis¬ 
ton  aircraft,  which  flew  at  about  3  -  6000  m  (10  -  20 
000  ft);  yet  Fig.  3.1  shows  the  altitude  distribution  of 
lightning  strike  incidents  to  be  nearly  the  same.  This 
fact  indicates  (1)  that  there  are  more  lightning  flashes 
to  be  intercepted  below  about  6  km  than  above  this 
altitude,  and  (2)  that  jet  aircraft  are  being  struck  at 
lower  than  cruise  altitudes:  that  is,  during  climb,  de¬ 
scent,  or  hold  operations.  Flight  regime  data  obtained 
from  the  jet  projects  shown  in  Fig.  3.2  [3.8]  confirm 
this. 

If  the  strike  altitudes  shown  in  Fig.  3.1  are  com¬ 
pared  with  the  electrical  charge  distribution  in  the 
typical  thundercloud  shown  in  this  figure,  it  is  evi¬ 
dent  that  strikes  which  occur  above  about  3  km  re¬ 
sult  from  intracloud  flashes  between  positive  and  neg¬ 
ative  charge  centers  in  the  cloud  (or  between  adjacent 
clouds),  whereas  strikes  below  about  3  km  probably 
result  from  cloud-to-ground  flashes.  Strike  incidents 
occurring  above  6  km  occur  less  frequently  because  air¬ 
craft  at  these  altitudes  can  more  easily  divert  around 
thunderclouds  than  can  aircraft  at  lower  altitudes. 

3.3.2  Synoptic  Meteorological  Conditions 

Data  discussed  thus  far  might  imply  that  an  air¬ 
craft  must  be  within  or  beneath  a  cloud  to  receive  a 
strike  and,  since  electrical  charge  separation  is  accom¬ 
panied  by  precipitation,  that  most  strikes  would  occur 
when  the  aircraft  is  within  a  cloud,  or  in  or  near  re¬ 
gions  of  precipitation.  Strike  incident  reports  show 
that  these  conditions  often  do  exist,  but  other  light¬ 
ning  strikes  occur  to  aircraft  in  a  cloud  when  there  is  no 
evidence  of  precipitation  nearby,  and  even  to  aircraft 
flying  in  clear  air  at  a  supposedly  safe  distance  from 
a  thundercloud.  FAA  and  airline  advisory  procedures 
instruct  pilots  to  circumvent  thunderclouds  or  regions 
of  precipitation  evident  either  visibly  or  on  radar,  but 
strikes  to  aircraft  flying  25  miles  from  the  nearest  radar 
returns  or  precipitation  have  been  reported.  Occasion¬ 
ally  a  report  of  a  “bolt  from  the  blue,”  with  no  clouds 
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anywhere  around,  is  received.  It  is  not  certain  that 
these  reports  are  correct  because  it  does  not  seem  pos¬ 
sible  for  electrical  charge  separation  of  the  magnitude 
necessary  to  form  a  lightning  flash  to  occur  in  clear  air. 
In  most  well  documented  incidents,  a  cloud  is  present 
somewhere  (i.e.,  within  25  miles)  when  the  incident 
occurs. 


Fig.  3.2  Flight  regime  when  struck. 


Perhaps  of  most  interest  to  aircraft  operators  are 
the  area  weather  conditions  which  prevailed  at  the 
time  of  reported  strikes.  There  is  no  universal  data 
bank  for  this  type  of  data,  but  several  surveys  have 
been  conducted  from  time  to  time,  including  those  of 
[3.2]  through  [3.8].  A  survey  involving  a  more  limited 
number  of  strikes,  but  containing  more  weather  infor¬ 
mation  than  the  broad  based  surveys  referenced  above, 
is  that  of  H.T.  Harrison  [3.9]  of  the  synoptic  meteo¬ 
rological  conditions  prevailing  for  99  United  air  Lines 
lightning-strike  incidents  occurring  between  July  1963 
and  June  1964.  Table  3.1  lists  the  synoptic  type  and 
the  percentage  of  incidents  (number  of  cases)  occurring 
in  each  weather  type.  Examples  of  the  most  predom¬ 
inant  synoptic  conditions  are  presented  in  Fig.  3.3(a) 
through  3.3(d). 

Harrison  has  drawn  the  conclusion  that  any  con¬ 
dition  which  will  cause  precipitation  may  also  be  ex¬ 
pected  to  cause  electrical  discharges  (lightning),  al¬ 
though  he  adds  that  no  strikes  were  reported  in  the 
middle  of  warm  front  winter  storms.  Data  from  the 
Airlines  Lightning  Strike  Reporting  Project  reported 
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by  Rasch  et  al  (3. 8],  and  presented  in  Fig.  3.4,  show 
that  lightning  strikes  to  aircraft  in  the  United  States 
and  Europe  occur  most  often  during  the  spring  and 
summer  months,  when  thunderstorms  are  most  preva¬ 
lent 

Table  3.1 

Synoptic  Type*  Involved  With 
99  Electrical  Discharges 
July  1963  to  June  1964 


Synoptic  Type  Percentage 

Airmass  instability  27 

Stationary  front  18 

Cold  front  17 

Warm  front  9 

Squall  line  or  instability  line  9 

Orographic  6 

Cold  LOW  or  filling  LOW  5 

Warm  sector  apex  3 

Complex  or  intense  LOW  3 

Occluded  front  1 

Pacific  surge  1 


Fig.  3.3  Examples  of  most  recent  synoptic  meteoro¬ 
logical  conditions  when  aircraft  have  been 
struck. 

Tip  of  arrow  indicates  position  of  aircraft 
when  struck. 


Fig.  3.4  Aircraft  location  with  respect  to  clouds 
when  lightning  strikes  have  occurred. 

It  is  also  important  to  note  that  many  strike  inci¬ 
dents  have  been  reported  where  no  bona  fide  thunder¬ 
storms  have  been  visually  observed  or  reported.  Har¬ 
rison  [3.9],  for  example,  reports  that  United  Air  Lines 
flight  crews  reported  99  cases  of  static  discharges  or 
lightning  strikes  in  flight  during  the  period  of  his  sur¬ 
vey.  Correlation  of  these  incidents  with  weather  condi¬ 
tions  prevailing  in  the  vicinity  and  in  the  general  area 
at  the  time  of  strike  gave  the  results  shown  in  Table 

3  2  Table  3.2 

Percentage  of  Strike  Incident*  vs 
Reported  Thunderstorms 

Thunderstorms  reported  in  vicinity  33% 

Thunderstorms  reported  in  general  area  24% 

No  thunderstorms  reported  43% 

3.3.3  Immediate  Environment  at  Time  of 
Stroke 

Figs.  3.4,  3.5,  and  3.6  show  the  immediate  envi¬ 
ronment  of  the  aircraft  at  the  times  of  the  881  strikes 
reported  in  [3.8].  In  over  80%  of  the  strikes  reported, 
each  aircraft  was  within  a  cloud  and  was  experiencing 
precipitation  and  some  turbulence. 

The  incident  reports  above  also  show  that  most 
aircraft  strikes  have  occurred  when  an  aircraft  is  near 
the  freezing  level  of  0®  C.  Fig.  3.7  [3.8]  shows  the 
distribution  of  lightning  strikes  to  aircraft  as  a  func¬ 
tion  of  outside  air  temperature.  Freezing  temperatures 
(and  below)  are  thought  to  be  required  for  the  electri¬ 
cal  charge  separation  process  to  function.  Of  course, 
strikes  to  aircraft  at  temperatures  higher  than  +10°  C 
have  occurred  when  the  aircraft  was  close  to  (or  on) 
the  ground,  where  the  ambient  air  temperature  may 
be  as  high  as  about  +25°  C. 
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Precipitation 


Fig.  3.5  Precipation  at  time  of  aircraft  lightning 
strikes. 


Turbulence 


Fig.  3.6  Turbulence  experienced  when  lightning 
strikes  have  occurred. 


-20  -10  0  +10  +80 
Temperature  In  Degrees  (Celsius) 


Altitude  In  Feet  X  1000 


Fig.  3.7  Distribution  of  lightning  strikes. 

(a)  With  outside  air  temperature 

(b)  With  altitude 


3.3.4  Thunderstorm  Avoidance 

Clearly,  whenever  it  is  possible  to  avoid  the  se¬ 
vere  environments  which  thunderstorms  present,  it  is 
desirable  to  do  so,  for  even  if  the  aircraft  is  adequately 
protected  against  lightning  effects,  the  turmoil  caused 
by  wind  and  precipitation  in  or  near  thunderstorms 
presents  a  serious  hazard  to  safe  flight.  Consequently, 
the  operating  procedures  of  commercial  airlines  and 
those  of  other  air  carriers  strongly  advise  against  pen¬ 
etration  of  thunderstorms. 

Thunderstorm  indication:  In  attempts  to  avoid  thun¬ 
derstorm  regions,  pilots  use  three  indicators: 

1.  Visual  sighting  of  thunderclouds  (cumulonimbus) 
in  daytime  and  of  lightning  at  night 


2.  Airborne  radar  patterns  of  precipitation  areas 

3.  Airborne  lightning  strike  indicators,  which  sense 
electromagnetic  radiation  from  distant  flashes  and 
display  their  range  and  bearing  on  cathode  ray 
tube  displays  in  the  cockpit. 

4.  Weather  information,  if  available,  relayed  by  Air 
TYaffic  Control  (ATC)  to  aircrews  together  with 
instructions  for  thunderstorm  avoidance. 

Methods  of  avoidance:  Methods  of  thunderstorm 
avoidance  in  common  use  are,  in  order  of  preference: 

1.  Circumnavigation  of  visible  thunderclouds,  ide¬ 
ally  by  25  miles  or  more,  but  often  by  smaller 
distances  due  to  traffic  constraints. 
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2.  Circumnavigation  of  areas  of  heavy  precipitation 

indicated  on  airborne  weather  radar  displays. 

3.  Flying  over  the  tops  of  thunderclouds 

The  degree  to  which  any  of  these  measures  is  suc¬ 
cessful  depends  on  the  accuracy  of  the  information  re¬ 
ceived  by  the  pilots. 

Weather  radar:  Aside  from  visual  observation,  which 
has  obvious  limitations,  the  most  common  method 
of  detecting  thunderstonns  is  using  airborne  weather 
radar.  Radar,  however,  cannot  detect  clouds  them¬ 
selves;  it  can  detect  only  liquid  droplets.  Only  the 
rain  that  may  be  present  in  the  cloud  will  produce  a 
radar  echo  and  this  allows  occasional  encounters  with 
hail,  and  with  lightning.  A  typical  C-band  airborne 
weather  radar  presentation  of  a  thunderstorm  (cumu¬ 
lonimbus)  cloud  with  active  precipitation  and  frequent 
lightning  is  shown  in  Fig.  3.8  [3.10].  The  pictures  were 
taken  during  a  research  project  carried  out  by  Beck¬ 
with  of  United  Air  Lines  to  determine  the  weather  de¬ 
tection  capability  of  airborne  radar.  The  photographs 
shown  were  taken  during  a  United  Air  Lines  flight  from 
Chicago  to  Denver  on  August  3,  1960.  Fig.  3.8  shows 
the  northern  end  of  a  line  of  severe  thunderstorms,  de¬ 
veloped  from  a  cold  front  in  Illinois.  A  detour  to  the 
north  was  planned  and  successfully  executed  with  the 
aid  of  this  radar  presentation.  The  flight  remained  in 
clear  and  generally  smooth  air  while  making  the  de¬ 
tour.  The  strong  echos  were  easily  detected  with  a 
slight  upward  tilt  of  the  radar  antenna  to  eliminate 
ground  clutter. 

Contour  selection:  It  is  possible  to  obtain  more  in¬ 
formation  regarding  the  intensity  of  a  storm  by  use  of 
the  contour  selection  circuit  provided  on  most  radars. 
This  feature  provides  a  means  of  eliminating  any  re¬ 
flected  signal  the  intensity  of  which  is  above  a  certain 
level.  Fig.  3.9  shows  the  same  radar  return  as  tnat 
in  Fig.  3.8  one  minute  later  with  the  contour  feature 
employed. 

Tne  thin,  distinct  outlines  which  now  appear  in 
place  of  the  original  echo  indicate  a  narrow  boundary 
across  which  the  intensity  of  rain  varies  from  no  rain 
(outside  the  white  outline)  to  intense  rain  (inside  the 
white  outline).  This  change  in  return  intensity  is  called 
the  rain  gradient;  and  the  narrower  the  white  outline  of 
the  return,  the  more  abrupt,  or  steeper,  is  the  gradient. 

The  amount  of  electric  charge  separation  and 
lightning  activity  is  known  to  be  related  to  the  degree 
of  precipitation  and  vertical  air  currents  (turbulence). 
Further,  the  severity  of  turbulence  is  also  related  to 
the  temperature  difference  that  exists  between  differ¬ 
ent  masses  of  air.  Thus,  turbulence  and  electrical  ac- 


TIME:  00262 
ALTITUDE:  28  000  FT. 

RANGE  MARKS:  10-MILE 
ANT.:  1  'A 0  UP 
HEAOING:  25S°  TRUE 

STRONG  ECHOES  HERE  ARE  THE  N  END  OF 
A  LINE  OF  THUNDERSTORMS  WHICH  WERE  PRO¬ 
DUCING  SEVERE  WIND  AND  LIGHTNING  DAM¬ 
AGE  BELOW.  LESS  THAN  ONE  HOUR  EARLIER, 
HAILSTONES  OF  GOLF  BALL  SIZE  WERE  RE¬ 
PORTED  IN  THE  AREA  OF  THE  NEAREST  LARGE 


TIME:  0028Z 
ALTITUDE:  28  000  FT. 

SOUTH  OF  DUBUQUE,  IOWA,  LOOKING  SE 
TO  S  AND  W  EDGE  OF  THUNDERSTORM  LINE. 

THIS  CUMULONIMBUS  WAS  BUILT  TO  AN  ESTI¬ 
MATED  ALTITUDE  Of  45  000  FEET.  ECHO  ON 
PHOTO  17-R2  CORRESPONDS  TO  THIS  VISUAL. 

Fig.  3.8  Radar  presentation  and  subsequent 
photograph  of  a  thunderstorm. 

(a)  Radar  presentation 

(b)  Visual  appearance  of  storm 

tivity  are  likely  to  exist  at  well  defined  boundaries, 
such  as  those  indicated  by  steep  rain  gradients  on  con¬ 
toured  radar.  These  boundaries  derived  from  contour 
radar  are  often  used  in  planning  a  detour. 

Considering  the  variable  nature  of  thunderstonns, 
and  the  limited  information  as  to  their  whereabouts 
and  severity  available  to  pilots,  it  is  not  surprising  that 
there  are  varying  opinions  as  to  what  detour  distance  is 
adequate  to  avoid  turbulence  and  lightning.  Primarily, 
a  pilot  is  advised  to  use  distances  commensurate  with 
the  specific  capability  of  the  radar  used. 
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TiMit  van 

ALTITUOC:  M  000  FT. 

HANOI  MASKS:  19MM 
ANT.:  I«llf 
HfAOIMG:  2tt*  TRIM 
CONTOUR:  ON 

Fig.  3.9  Same  as  Fig.  3.8(a),  but  with  contour 
to  show  very  steep  rain  gradient  of 
each  cell. 

The  specifications  and  policies  of  one  of  the  major 
airlines  [3.21]  follow. 

Specifications: 

1.  Wavelength  -  3.2  cm  (X  band)  through  5.6  cm  (C 
band). 

2.  Antenna  size  -  30  cm  (12  in)  or  larger  (X  band); 
64  cm  (25  in)  or  larger  (C  band). 

3.  Power  (peak)  -  10  kW  (X  band)  or  higher;  75  kW 
(C  band)  or  higher 

Policies: 

1.  When  the  temperature  at  flight  level  is  0°C  or 
higher,  avoid  all  echos  exhibiting  sharp  gradients 
by  5  nautical  miles. 

2.  When  the  temperature  at  flight  level  is  less  than 
0°C,  avoid  all  echoes  exhibiting  sharp  gradients 
by  10  nautical  miles. 

3.  When  flying  above  7000  m(  23  000  feet)  avoid  all 
echoes,  even  though  no  sharp  gradients  are  indi¬ 
cated,  by  20  nautical  miles. 

Weather  radar,  however,  is  not  a  foolproof  means 
of  detecting  and  avoiding  thunderstorms  or  other  light¬ 
ning  strike  conditions,  because  situations  exist  in 
which  radar  is  not  capable  of  distinguishing  a  thun¬ 
derstorm  return  from  the  returns  of  ground  or  from 
ground  clutter.  Such  a  case  is  illustrated  in  Fig.  3.10 
[3.11], 

In  this  case,  returns  from  the  ground  (ground  clut¬ 
ter)  obscured  the  return  from  the  storm.  However,  if 
ground  clutter  does  obscure  a  storm  return  and  an 
aircraft  is  successful  in  avoiding  all  thunderstorms  by 


the  recommended  distances  of  up  to  25  miles,  the  se¬ 
vere  turbulence  associated  with  thunderstorms  is  usu¬ 
ally  also  avoided.  Nevertheless,  lightning  flashes  may 
extend  farther  outward  from  the  storm  center  than 
does  turbulence  and  for  this  reason  are  not  as  easily 
avoided.  Indeed,  there  are  several  reports  each  year  of 
aircraft  receiving  strikes  “in  the  clear’’  25  or  more  miles 
from  the  nearest  evident  storm.  That  lightning  flashes 
can  propagate  this  distance  is  evident  from  ground 
photographs  of  very  long,  horizontal  flashes. 


TIME:  0153Z 
ALTITUDE:  29  000  FT. 

RANGE  MARKS:  25MILE 
ANT.:  0° 

HEADING:  060°  TRUE.  OVER  ST.  GEORGE. 
UTAH. 

A  THUNDERSTORM  ECHO  IS  NOT  DISTIN¬ 
GUISHABLE  FROM  TERRAIN  AT  THIS  OR  OTHER 
ANTENNA  SETTINGS  TO  MATCH  THE  VISUAL 
SIGHTING  AT  9:30  BEARING  IN  PHOTO  11 -C2. 


TIME:  01S3Z 
ALTITUDE:  29  000  FT. 

DECAYING  THUNDERSTORM  BUILT  TO 
ABOVE  FLIGHT  ALTITUDE  FOR  WHICH  NO 
MATCHING  ECHO  WAS  VISIBLE  IN  SCOPE  PIC 
TURE  11R-3. 


Fig.  3.10  Thunderstorms  not  distinguishable 
on  radar  scope. 

(a)  Radar  presentation 

(b)  Visual  appearance  of  storm 
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Color  radar:  Present  airborne  weather  displays  use 
colors  to  distinguish  between  different  intensities  of 
precipitation,  which  are  defined  in  terms  of  dBz.  The 
boundaries  between  bands  of  different  color  are  the 
colors  mentioned  above.  A  typical  color  weather  radar 
display  is  shown  in  in  Fig.  3.11  [3.12], 

A  decaying  thunderstorm,  moreover,  may  not 
present  a  distinctive  radar  echo.  Sometimes  this  type 
of  storm  becomes  embedded  in  expanding  anvils  or 
cirrus  clouds  in  such  a  way  that  it  is  not  visible.  In¬ 
flight  measurements  conducted  by  the  Air  Force  and 
the  Federal  Aviation  Administration,  and  reported  by 
Fitzgerald  [3.13],  indicate  that  thunderstorms  in  their 
early  stages  of  dissipation  have  sufficient  charge  to 
cause  a  few  lightning  discharges  if  a  means  of  streamer 
initiation  becomes  available.  An  aircraft  entering  such 
a  region  may  initiate,  or  trigger,  such  a  flash.  Thus, 
in  normal  IFR  operations  in  regions  where  an  active 
thundercloud  is  merged  with  decaying  thunderclouds 
and  other  cloudy  areas,  diverting  from  the  normal 
course  to  avoid  the  active  cloud  may  take  the  flight 
through  a  decaying  area,  where  a  lightning  strike  is 
possible. 

Lightning  warning  instruments:  Attempts  have  been 
made  from  time  to  time  to  develop  an  airborne  instru¬ 
ment  capable  of  warning  pilots  of  an  impending  light¬ 
ning  strike  to  the  aircraft  and  providing  information 
to  the  pilot  for  use  in  avoidance.  Most  such  attempts 


have  been  based  on  the  principle  of  detecting  the  am¬ 
bient  electric  field  which  would  exist  when  a  lightning 
flash  is  imminent  [3.14].  None  of  these  field  measure¬ 
ment  instruments  have  been  successfully  tested  in  an 
aircraft,  and  because  of  the  apparent  wide  variation 
of  electric  field  intensities  and  other  conditions  which 
may  precede  a  lightning  strike  to  the  aircraft,  success 
seems  remote.  The  situation  is  further  complicated 
by  the  problems  of  field  interpretation  and  translation 
into  advisory  information  in  sufficient  time  to  aid  the 
pilot  in  deciding  on  an  avoidance  maneuver. 

There  are  instruments  that  locate  and  plot  the 
locations  of  lightning  flashes  that  are  taking  place,  but 
that  is  a  different  story. 

Perhaps  the  most  effective  warning  of  imminent 
strikes  available  to  flight  crews  is  that  which  is  read¬ 
ily  available-the  buildup  of  static  discharging  and  (at 
night)  St.  Elmo’s  Fire  (corona).  Static  discharging 
causes  interference  (instability)  in  Low  Frequency  Au¬ 
tomatic  Direction  Finding  (LF-ADF)  indicators,  or 
audible  “hash”  in  most  communications  receivers.  St. 
Elmo’s  fire  is  visible  at  night  as  a  bluish  glow  at  air¬ 
craft  extremities  where  the  discharging  is  occurring. 

Pilot  responses  to  lightning  strikes  (which  may 
also  be  called  static  discharges  or  electrical  discharges) 
vary.  Typical  answers  by  pilots  of  one  airline  [3.9]  to 
the  question  “Do  you  have  any  recommendations  for 
avoiding  electrical  discharges?”  were  as  follows: 


East-west  distance  from  MFC,  n.  ml. 


East-west  distance  from  UFC,  km 


Fig.  3.11  Reflectivity  contours  at  time  of  a  strike  near  to  the  F  10GB. 
Flash  4,  20:54:21.9  GMT,  July  22,1980. 

Thken  by  NASA-Wallops  SPANDAR  radar  at  20:56:51.5  GMT 
with  a  radar  tilt  angle  =  0°C. 
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“From  cruise  speed,  a  reduction  of  25%  to 
30%  in  airspeed  will  often  allow  the  static 
buildup  to  stabilize  at  a  lower  maximum  and 
dissipate  rather  than  discharge.  These  build- 
■ups  are  generally  accompanied  by  a  buzz- 
type  static  on  VHF  (very  high  frequency)  and 
ADF  (automatic  direction  finding)  and  a  ran¬ 
dom  swinging  of  the  ADF  needles  though  I 
have  observed  the  ADF  needles  to  hold  a 
steady  error  of  up  to  90°  as  the  static  level 
stabilized  at  or  near  its  peak,  generally  just 
prior  to  the  discharge  or  beginning  of  dissi¬ 
pation.  ” 

“Climb  or  descend  through  the  freezing  level 
as  quickly  as  possible.  ” 

“Avoid  all  precipitation.  I  know  of  no  way 
to  predict  accurately  where  a  discharge  will 
occur.  ” 

“Slow  down  to  minimum  safe  speed,  change 
altitude  to  avoid  temperature  of  —7 °C  (20° 

F)  to  2 °C  (35°  F).  ” 

“Not  without  excessive  detour,  both  route  and 
altitude.  ” 

“The  static  discharges  I  have  encountered 
have  built  up  at  a  rate  which  would  preclude 
any  avoidance  tactics  (S  to  15  seconds)." 

“No,  I  have  never  known  when  to  expect  this 
until  just  prior  to  the  discharge.  ” 

“No,  not  in  the  modern  jets.  Once  the  static 
begins  the  discharge  follows  very  quickly.  ” 

“All  information  received  at  the  ...  train¬ 
ing  center  applicable  to  static  discharges  and 
their  avoidance  has  been  completely  accurate 
and  helpful. " 

“No,  hang  on!” 

“Lead  a  clean  life.  ” 

Thus,  there  is  a  wide  divergence  of  pilot  opin¬ 
ion  regarding  the  best  way  to  avoid  lightning  strikes. 
However,  from  this  and  many  other  sources,  it  is  possi¬ 
ble  to  list  the  symptoms  most  often  present  just  prior 
to  experiencing  a  lightning  strike,  and  the  actions  (if 
any)  which  most  pilots  take  to  reduce  the  possibility 
of  receiving  a  strike. 

A  lightning  strike  is  imminent  when  a  combina 
tion  of  some  of  the  symptoms  which  follow  is  present. 


Symptoms: 

1.  Flight  through  or  in  the  vicinity  of  the  following: 

Unstable  air. 

Stationary  front. 

Cold  front. 

Warm  front. 

Squall  line. 

2.  Within  a  cloud. 

3.  Icy  types  of  precipitation. 

4.  Air  temperature  near  0°  C. 

5.  Progressive  buildup  of  radio  static. 

6.  St.  Elmo’s  fire  (when  dark). 

7.  Experiencing  turbulence. 

8.  Flying  at  altitudes  between  1500  and  4500  m 
(5000  and  15  000  ft);  most  prevalent:  3350  m  (11 
000  ft). 

9.  Climbing  or  descending. 

Actions: 

1.  Avoid  areas  of  heavy  precipitation. 

2.  Change  altitude  to  avoid  temperature  near  0°C. 

4.  Turn  up  cockpit  lights. 

5.  Have  one  pilot  keep  eyes  downward. 

Since  air  traffic  congestion  often  precludes  circum¬ 
vention  of  precipitation  and  since  diversion  often  poses 
hazards,  avoidance,  while  desirable,  is  neither  a  de¬ 
pendable  nor  an  adequate  means  of  protecting  the  air¬ 
craft  against  lightning  strikes.  The  aircraft,  therefore, 
must  be  designed  to  safely  withstand  lightning  strike 
effects, 

3.3.5  frequency  of  Occurrence 

Commercial  aircraft:  The  number  of  lightning  strikes 
which  actually  occur,  as  related  to  flight  hours  for  pis¬ 
ton,  turboprop,  and  pure  jet  aircraft,  is  tabulated  in 
Table  3.3  based  on  the  data  of  Newman  (3.2)  and  Perry 
[3.6].  From  this  data  it  follows  that  an  average  of  one 
strike  can  be  expected  for  each  3000  hours  of  flight  for 
any  type  of  commercial  transport  aircraft . 


Military  and  general  aviation  aircraft:  Unlike  com¬ 
mercial  airlines,  military  and  general  aviation  aircraft 
need  not  adhere  to  strict  flight  schedules  or  congested 
traffic  patterns  around  metropolitan  airports.  The  re¬ 
sult  is  that  these  aircraft  do  not  seem  to  experience  as 
many  strikes  as  do  commercial  aircraft,  as  is  evident 
from  Table  3.4,  which  shows  U.S.  Air  Force  experi¬ 
ence  for  the  years  1965  to  1969.  USAF  regulations, 
however,  do  not  require  that  lightning  strike  incidents 
be  documented  by  flight  crews  unless  a  substantial 
amount  of  damage  is  done  to  the  aircraft.  Thus,  many 
strikes  to  USAF  aircraft  undoubtedly  go  unreported. 


Tbble  3.3 

Incidence  of  Reported  Lightning  Strikes 
to  Commercial  Aircraft 


Newman 

(1930-  1961) 

(1V39 

Perry 
-  1974) 

TOTALS 

Strikes 

Hours 

Strikes 

Hours 

Strikes  Hours 

No.  hours 
per  strike 

Piiton 

BOS 

2  000  000 

- 

- 

BOS 

2  000  000 

2473 

Turboprop 

109 

413  000 

2  B0 

876  000 

3B9 

1  291  000 

3320 

Fill*  Jsi 

41 

427  000 

4  BO 

1  314  000 

321 

1  741  000 

3340 

ALL 

931 

2S42  000 

760 

2  190  000 

1718 

3  032  000 

2930 

Table  3.4 

Incidence  of  Reported  Lightning  Strikes 
to  U.S.  Air  Force  Aircraft 


Aircraft  type  rt  mrui  huun  between  lightning  strikes 

1965 

1966 

1967 

1968 

1969 

Avenge 
per  yev 

Bomber 

55  500 

48  000 

47  900 

75  000 

28  000 

50480 

Cirgo 

61000 

140  000 

112000 

124  000 

76  000 

104  000 

Fighter 

Ml  000 

105  000 

112000 

65  000 

75  000 

99  200 

Trstner 

246  000 

578  000 

500  000 

224  000 

150000 

295  600 

Statistics  such  as  these,  which  apply  to  a  broad 
category  of  aircraft  and  include  data  from  a  variety 
of  different  operators  iu  varying  geographic  locations, 
may  be  misleading.  For  example,  whereas  Table  3.4 
shows  that  there  is  an  average  of  99  000  flying  hours 
between  reportable  lightning  strikes  to  U.S.  Air  Force 
fighter-type  aircraft,  the  strike  experience  in  Europe 
is  known  to  be  about  10  times  more  frequent  than 
strike  experience  in  the  U.S.  and  in  most  other  parts 
of  the  world.  Weinstock  and  Shaeffer  [3.15]  report  10.5 
strikes  per  10  000  hours  for  certain  F-4  models  flying 
in  Europe,  which  rate  is  about  5  times  greater  than  the 
world  wide  exposure  rate  for  these  aircraft.  A  similar 
situation  pertains  to  commercial  aircraft  operating  in 
Europe,  as  indicated  by  Perry's  summary  of  United 
Kingdom  and  European  strike  data  [3.6],  for  example. 
This  unusually  high  lightning  strike  exposure  seems 
to  result  both  from  the  high  level  of  lightning  activ¬ 
ity  in  Europe  as  compared  with  that  in  many  other 
regions  ami  from  the  political  constraints  placed  on 
flight  paths  in  this  multinational  region. 


Trends  affecting  strike  rate:  There  are  several  trends 
in  commercial  and  general  aviation  which  are  likely  to 
cause  even  greater  exposure  of  aircraft  everywhere  to 
lightning  strikes  in  the  future: 

1.  Increases  in  the  number  of  intermediate  stops 
along  former  nonstop  routes,  resulting  in  more 
time  in  descent,  hold  and  climb  patterns  at  lower 
altitudes. 

2.  Increases  in  the  number  of  aircraft  and  rotorcraft 
equipped  for  IFR  flight. 

3.  Increasing  use  of  radar  and  other  navigation  aids 
in  general  aviation  aircraft,  permitting  IFR  flight 
under  adverse  weather  conditions. 

These  factors  warrant  continued  diligence  in  the 
design  and  operation  of  aircraft  with  respect  to  the 
possible  hazards  lightning  may  present. 

3.4  Aircraft  Lightning  Strike  Mechanisms 

In  the  following  paragraphs  the  electrical  condi¬ 
tions  which  produce  lightning  are  described,  together 
with  the  mechanisms  of  lightning  strike  attachment  to 
an  aircraft,  While  it  is  not  possible  to  anticipate  or 
avoid  these  conditions  all  of  the  time,  it  is  important 
to  understand  the  strik  attachment  process  in  order 
to  properly  assess  the  effects  of  lightning  strikes  on  the 
aircraft. 

3.4.1  Electric  Field  Effects 

At  the  beginning  of  lightning  flash  formation, 
when  a  stepped- leader  propagates  outward  from  a 
cloud  charge  center,  the  ultimate  destination  of  the 
flash,  at  an  opposite  charge  center  in  the  cloud  or  on 
the  ground,  has  not  yet  been  determined.  The  dif¬ 
ference  of  potential  which  exists  between  the  stepped 
leader  and  the  opposite  charge(s)  establishes  an  elec¬ 
trostatic  force  field  between  them,  represented  by 
imaginary  equipotential  surfaces.  They  art1  shown  as 
lines  in  the  two  dimensional  drawing  of  Fig.  3.12.  The 
field  intensity,  commonly  expressed  in  kilovolts  per  me¬ 
ter,  is  greatest  where  equipotential  surfaces  are  closest 
together.  It  is  this  field  that  is  available  ,o  ionize  air 
and  form  the  conductive  spark  which  is  the  leader. 
Because  the  direction  of  electrostatic  force  is  normal 
to  the  equipotenti&ls,  and  strongest  where  they  are 
closest  together,  the  leader  is  most  likely  to  progress 
toward  the  most  intense  field  regions. 

If  an  aircraft  happens  to  be  in  the  neighborhood, 
it  will  assume  the  electrical  potential  of  its  location. 
Since  the  aircraft  is  a  thick  conductor  and  all  of  it  is 
at  this  same  potential,  it  will  divert  and  compress  acjja- 
cent  equipotentials,  thus  increasing  the  electric  field  in- 
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tensity  at  its  extremities,  and  especially  between  it  and 
other  charged  objects,  such  as  the  advancing  leader.  If 
the  aircraft  is  far  away  from  the  leader,  its  effect  on  the 
field  near  the  leader  is  negligible;  however,  if  the  air¬ 
craft  is  within  several  tens  or  hundreds  of  meters  from 
the  leader,  the  increased  field  intensity  in  between  may 
be  sufficient  to  attract  subsequent  leader  propagation 
toward  the  aircraft.  As  this  happens,  the  intervening 
field  will  become  even  more  intense,  and  the  leader  will 
advance  more  directly  toward  the  aircraft. 


Fig.  3.12  Stepped  leader  approaching  an  aircraft. 


The  highest  electric  fields  about  the  aircraft  will 
occur  around  extremities,  where  the  equipotential  lines 
are  compressed  closest  together,  as  shown  in  Fig.  3.13. 
Typically,  these  are  the  nose  and  wing  and  empennage 
tips,  and  also  smaller  protrusions,  such  ns  antennas  or 
pitot  probes.  When  the  leader  advances  to  the  point 
where  the  field  adjacent  to  an  aircraft  extremity  is  in¬ 
creased  to  about  30  kV/cm  (at  sea  level  pressure),  the 
air  will  ionize  and  electrical  sparks  will  form  at  the 
aircraft  extremities,  extending  in  the  direction  of  the 
oncoming  leader. 
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Fig.  3.13  Compression  of  electric  field 
around  an  aircraft. 


Several  of  these  sparks,  called  streamers,  usually 
occur  nearly  simultaneously  from  several  extremities 
of  the  aircraft.  These  streamers  will  continue  to  prop¬ 
agate  outward  as  long  as  the  field  remains  above  about 
5  to  7  kV/cm.  One  of  these  streamers,  called  the  junc¬ 
tion  leader,  will  meet  the  nearest  branch  of  the  advanc¬ 
ing  leader  and  form  a  continuous  spark  from  the  cloud 
charge  center  to  the  aircraft.  Thus,  when  the  aircraft 
is  close  enough  to  influence  the  direction  of  the  leader 
propagation,  it  will  very  likely  become  attached  to  a 
branch  of  the  leader  system. 

3.4.2  Charge  stored  on  Aircraft 

When  the  aircraft  is  attached  to  the  leader,  some 
charge  (free  electrons)  will  flow  onto  the  aircraft,  but 
the  amount  of  charge  which  can  be  taken  on  is  very 
small  compared  to  what  is  available  from  the  lightning 
flash.  The  charge  will  raise  the  aircraft  to  a  high  volt¬ 
age  and  excessive  charge  will  cause  the  electric  field 
around  the  aircraft  to  become  so  high  that  intense 
corona  streamers  will  form.  These  streamers  will  then 
carry  avva>  the  excess  charge. 

If  additional  charge  flows  onto  the  aircraft,  more 
profuse  streaming  will  occur,  and  from  extremities  of 
larger  radii  of  c  urvature.  In  fact,  the  maximum  charge 
which  can  be  on  the  aircraft  probably  exceeds  by  up 
to  100  times  the  streamer  initiation  value.  However, 
statistics  on  natural  lightning  characteristics  show  that 
a  typical  leader  contains  about  1  to  10  coulombs  (1-10 
C),  so  there  is  still  no  room  for  any  significant  portion 
of  this  to  accumulate  on  an  aircraft.  Thus,  the  aircraft 
merely  becomes  an  extension  of  the  path  being  taken 
by  the  leader  on  its  way  to  an  ultimate  destination  at 
a  reservoir  of  opposite  polarity  charge. 

Streamers  may  propagate  onward  from  two  or 
more  extrem'ties  of  the  aircraft  at  the  same  time.  If 
so,  the  incoming  leader  will  have  split,  and  the  two 
(or  more)  branches  will  continue  from  the  aircraft  in¬ 
dependently  of  each  other  until  one  or  both  of  them 
reach  their  destination.  This  process  of  attachment 
and  propagation  onward  from  an  aircraft  is  shown  in 
Fig.  3.14. 

When  the  leader  has  reached  its  destination  and 
a  continuous  ionized  channel  between  charge  centers 
has  been  formed,  recombination  of  electron  and  pos¬ 
itive  ions  occurs  back  up  the  channel,  and  this  forms 
the  high  amplitude  return  stroke  current.  This  stroke 
current  and  any  subsequent  stroke  or  continuing  cur¬ 
rent  comjxments  must  flow  through  the  aircraft  ,  which 
is  now  part  of  the  conducting  path  between  charge  cen¬ 
ters,  as  shown  in  Fig.  3.15(a). 

If  another  branch  of  the  original  leader  reaches  the 
ground  before  the  branch  which  has  involved  the  air¬ 
craft.  the  return  stroke  will  follow  the  former,  and 
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other  branches  will  die  out,  as  shown  in  Fig.  3.15(b). 
No  substantial  currents  will  flow  through  the  aircraft 
in  such  a  case,  and  any  damage  to  the  aircraft  will  be 
slight.  A  still  photograph  of  a  downward-branching 
flash  after  completion  of  the  main  channel  is  shown  in 
Fig.  3.16.  Several  dying  branches  are  evident  in  the 
photograph. 


Fig.  3.14  Stepped  leader  attachment. 

(a)  Leader  approaching  aircraft 

(b)  Attachment  and  continued 
propagation 


Fig.  3.15  Return  stroke  paths. 

(a)  Return  stroke  through  aircraft 

(b)  No  return  stroke  through  aircraft 


Fig.  3.16  Downward  branching  lightning  flash. 

3.4.3  Triggered  Lightning  Effects 

A  question  often  asked  is  “If  an  aircraft  cannot 
produce  a  lightning  flash  from  its  own  stored  charge, 
can  it  trigger  a  natural  one?”  Stated  another  way  the 
question  might  be  “Would  the  lightning  flash  have  oc¬ 
curred  if  the  aircraft  were  not  present?”  A  secondary 
question  would  be  “Even  if  aircraft  do  trigge*  light¬ 
ning,  would  there  be  an  impact  on  the  criteria  to  which 
aircraft  must  be  designed?”  The  mechanism  of  aircraft 
triggering  lightning  is  discussed  in  depth  in  Section  3.7, 
but  some  preliminary  discussion  is  in  order. 

There  is  clear  evidence  that  lightning  flashes  can 
be  triggered  by  research  aircraft  that  are  intention¬ 
ally  flown  into  clouds  to  observe  lightning  phenomena, 
but  it  is  not  clear  whether  aircraft  in  normal  service 
trigger  lightning  very  often.  The  following  factors  sug¬ 
gest  that  most  flashes  which  are  encountered  (by  other 
than  research  aircraft)  are  not  the  result  of  the  aircraft 
triggering  the  flash. 

1.  Aircraft  often  fly  through  electrified  regions  with¬ 
out  being  struck,  even  though  lightning  flashes  are 
observed  nearby. 

2.  The  stepped  leader  must  begin  from  a  charge 
source  capable  of  furnishing  it  with  several  cou¬ 
lombs  of  charge.  Thus  the  potential  (voltage)  of 
this  center,  and  the  surrounding  field  intensity, 
would  seem  to  be  much  greater  than  that  about 
an  aircraft,  leaving  the  implication  that,  unless 
the  aircraft  is  very  close  to  the  charge  center,  it 
can  have  little  influence  on  the  surrounding  field 
or  on  the  process  of  leader  initiation. 
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3.  Laboratory  studies  of  breakdown  in  long  air  gaps, 
a  mechanism  similar  to  that  of  natural  lightning, 
show  that  initial  ionization  always  begins  at  one  of 
the  electrodes  and  not  from  an  object  suspended 
in  the  gap  (3.16].  In  those  studies  the  object  sig¬ 
nificantly  influenced  the  voltage  level  at  which 
breakdown  began  only  if  it  was  close  enough  to 
one  electrode  to  influence  the  field  about  the  elec¬ 
trode.  Whether  those  studies  were  particularly 
representative  of  aircraft,  however,  is  a  subject 
still  under  debate. 

4.  Triggered  lightning  currents  measured  on  research 
aircraft  have  generally  been  of  lower  amplitude 
than  those  of  natural  cloud-ground  lightning  mea¬ 
sured  at  ground  level.  These  current  levels  do  not 
seem  to  be  large  enough  to  account  for  some  of 
the  physical  damage  observed  on  aircraft. 

It  may  be  that  aircraft  do  not  become  involved  in 
the  formation  of  the  lightning  flash  until  after  leader 
propagation  has  begun.  If  the  leader  happens  to  ap¬ 
proach  the  aircraft,  the  field  intensification  produced 
by  the  presence  of  the  aircraft  becomes  much  more  sig¬ 
nificant,  and  the  leader  may  then  be  attracted  to  the 
aircraft. 

There  is  some  evidence  [3.17]  that  jumbo  (wide- 
body)  aircraft  do  trigger  their  own  flashes.  If  large- 
body  aircraft  are  in  fact  triggering  flashes,  it  is  proba¬ 
bly  because  their  larger  sizes  make  a  more  noticeable 
perturbation  on  the  electric  field  near  the  cloud  charge 
centers  from  which  leaders  begin. 

The  aircraft  motion  has  little  influence  on  the 
propagating  leader  because  the  aircraft  is  moving 
much  slower,  about  102  m/s,  than  the  leader,  which 
is  advancing  at  10*  to  106  m/s.  Thus,  the  aircraft 
appears  stationary  to  the  leader  during  the  leader  for¬ 
mation  process. 

Several  other  stimuli  have  been  mentioned  as  pos¬ 
sible  causes  of  aircraft  lightning  strikes.  These  include 
engine  exhaust  and  radiated  electromagnetic  energy, 
such  as  radar  transmission. 


Effect  of  engine  exhaust:  There  has  been  specula¬ 
tion  that  the  hot  jet-engine  exhaust  gases  may  con¬ 
tain  a  sufficient  number  of  ionized  particles  to  attract 
or  trigger  a  lightning  flash  to  the  aircraft.  This  specu¬ 
lation  was  heightened  by  the  widely  publicized  launch 
of  Apollo  12,  which  apparently  triggered  a  lightning 
flash  (or  flashes)  that  twice  struck  the  top  of  the  ve¬ 
hicle;  once  when  it  had  reached  1950  m  (6400  ft)  and 
again  at  4270  m  (14  000  ft).  The  flash(s)  exited  from 
the  vehicle  exhaust  plume. 


Studies  by  Nanevicz,  Pierce,  and  Whitson  [3.18]  of 
this  and  other  incidents  in  which  a  rocket  was  rapidly 
introduced  into  an  intense  electric  field  indicate  that 
the  exhaust  plume  does  appear  electrically  conductive, 
making  the  rocket  appear  longer  than  its  actual  phys¬ 
ical  length. 

An  empirical  study  by  Pierce  [3.17]  of  documented 
strikes  to  tall  grounded  and  airborne  conductors  con¬ 
cluded  that  there  must  also  be  a  potential  disconti¬ 
nuity  between  the  conductor  and  the  adjacent  atmo¬ 
sphere  of  up  to  10®  V  if  the  lightning  leader  is  to  be 
initiated  from  the  conductor,  and  that  the  rapid  dis¬ 
charge  of  hot  ionized  gas  from  the  rocket  engine  may 
cause  sufficient  charge  separation  from  the  vehicle  to 
increase  its  potential  to  10®  V  or  more  with  respect  to 
its  surroundings. 

Shaeffer  and  Weinstock  [3.15]  have  studied  the 
conductivity  of  an  aircraft  jet-engine  exhaust.  In  this 
case,  ionized  particles  and  free  electrons  in  a  jet  ex¬ 
haust  originate  in  the  combustion  chamber  as  a  result 
of  chemical  reactions  taking  place  between  the  intake 
air  and  jet  fuel.  The  ion  concentration  in  a  jet-engine 
exhaust  has  been  measured  by  Fowler  [3.19]  to  be  be¬ 
tween  5  X  10®  and  3  X  107  particles  per  cubic  centimeter 
(  p/cm3 )  and  the  free  electron  density  deduced  from 
this  to  be  between  5  x  103  to  3  x  105p/cm3.  The 
electron  density  in  luminous  rocket  exhaust  has  been 
calculated  by  Pierce  [3.20]  to  be  1012  p/cm3,  as  has 
that  in  the  tip  of  an  advancing  leader.  Conversely,  the 
free  electron  density  in  ambient  air  ranges  from  100 
to  103  p/cm3.  Evidently,  then,  the  jet- engine  exhaust 
is  only  slightly  more  ionized  than  the  ambient  air  and 
much  less  so  than  the  rocket  exhaust,  with  the  result 
that  the  jet  exhaust  would  not.  be  expected  to  have 
sufficient  conductivity  to  initiate  or  attract  a  lightning 
leader.  This  conclusion  is  supported  by  aircraft  light¬ 
ning  strike  incident  reports,  which  indicate  that  engine 
tail  pipes  are  not  often  lightning  attachment,  points  un¬ 
less  they  are  already  located  at  an  aircraft  extremity, 
where  the  electric  field  would  be  intense  from  geomet¬ 
rical  conditions  alone. 

There  is  also  no  evidence  to  suggest  that  jet  air¬ 
craft  are  struck  more  often  than  piston- engined  air¬ 
craft.  Overall,  the  ability  of  the  jet  aircraft  to  operate 
at  higher  altitudes  and  spend  less  time  climbing  and 
descending  to  airports  has  probably  rendered  the  jet 
less  susceptible  than  its  piston  engined  predecessor  to 
lightning  strikes,  which  occur  predominantly  at  low  or 
intermediate  altitudes. 

Some  records  do  exist  of  st  rikes  to  jet  engines  and 
in  some  cases  these  strikes  have  terminated  inside  the 
engine  exhaust  pipes,  as  illustrated  in  Fig.  3.17.  These 
strikes  are  evidenced  by  spots  of  melted  metal  within 
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0.5  m  (18  in)  of  the  aft  end  of  the  pipe.  Electronic 
engine  instruments  with  sensors  mounted  on  the  en¬ 
gine  have  experienced  damage  from  lightning  indirect 
effects  associated  with  strikes  to  the  nacelles  or  tail 
pipes.  Apparently,  there  is  either  sufficient  ioniza¬ 
tion  in  the  exhaust  or  the  dielectric  strength  of  the 
exhaust  i3  sufficiently  weakened  as  to  divert  a  propa¬ 
gating  leader  into  the  exhaust  channel,  or  to  enable  the 
formation  of  outward  propagating  streamers  from  the 
tail  pipe,  once  the  aircraft  has  been  struck  elsewhere 
by  a  leader. 


Fig.  3.17  Lightning  flash  terminating  inside 
jet  engine  exhaust  tail  pipe. 

While  the  engine  exhaust  may  divert  an  existing 
leader,  it  seems  improbable,  however,  that  it  could 
trigger  a  flash  by  itself,  as  can  a  rocket  plume.  Other 
strikes  have  terminated  on  the  nacelles  of  wing  and 
fuselage  mounted  engines,  in  the  same  manner  as  with 
other  aircraft  extremities. 

Viewed  another  way,  if  the  jet  engine  were  leav¬ 
ing  behind  an  ionized  exhaust,  it  seems  probable  that 
an  imbalance  of  charge  on  the  aircraft  would  even¬ 
tually  result,  even  when  flying  in  clear  weather.  As 
with  P-static  charging,  this  would  change  the  aircraft 
potential  with  respect  to  its  surroundings  and  cause 
static  discharging  and  corona  from  sharp  extremities, 
causing  interference  in  radio  equipment.  It  is  well  es¬ 
tablished  that  this  does  not  happen. 

Effects  of  Electromagnetic  Radiation:  It  has  been 
suggested  that  an  aircraft’s  radar  may  trigger  or  divert 
lightning  strikes.  This  question  was  also  investigated 
by  Schaeffer  and  Weinstock  [3.15],  who  show  that  the 
transmitted  power  level  of  microwave  radiation  neces¬ 
sary  to  produce  an  electric  field  capable  of  ionizing  air 
is  about  6.7  x  10®  watts  ( W),  which  is  far  greater  than 
that  available  from  aircraft  radars. 


Aircraft  lightning  strike  incident  reports  also  show 
no  evidence  of  radar  or  other  electromagnetic  radiatore' 
having  been  involved  in  the  lightning  strike  formation. 
There  are  cases  in  which  radomes  are  punctured,  but 
these  clearly  are  the  result  of  the  electric  field  asso¬ 
ciated  with  the  lightning  strike  causing  breakdown  of 
the  plastic  radome  material,  with  the  flash  terminating 
on  some  airframe  grounded  object  inside  the  radome 
or  on  the  radar  antenna  itself.  The  punctures  have 
occurred  whether  or  not  the  radar  set  was  operating. 
The  addition  of  diverter  strips  to  the  outside  of  the 
radome  usually  prevents  these  punctures  by  enabling 
lightning  flashes  to  attach  directly  to  a  diverter. 

3.5  Swept  Stroke  Phenomena 

After  the  aircraft  has  become  part  of  a  completed 
flash  channel,  the  ensuing  stroke  and  continuing  cur¬ 
rents  which  flow  through  the  channel  may  persist  for 
up  to  a  second  or  more.  Essentially,  the  channel  re¬ 
mains  in  its  original  location,  but  the  aircraft  will 
move  forward  a  significant  distance  during  the  life  of 
the  flash.  Thus,  whereas  the  initial  entry  and  exit 
points  are  determined  by  the  mechanisms  previously 
described,  there  may  be  other  lightning  attachment 
points  on  the  airframe  that  are  determined  by  the  mo¬ 
tion  of  the  aircraft  through  the  relatively  stationary 
flash  channel.  In  the  case  of  a  fighter  aircraft,  for  ex¬ 
ample,  when  a  forward  extremity  such  as  the  pitot 
boom  becomes  an  initial  attachment  point,  its  sur¬ 
face  moves  through  the  lightning  channel,  and  thus 
the  channel  appears  to  sweep  back  over  the  surface, 
as  illustrated  in  Fig.  3.18.  This  occurrence  is  known 
as  the  swept  stroke  phenomenon.  As  the  sweeping 
action  occurs,  the  type  of  surface  can  cause  the  light¬ 
ning  channel  to  attach  and  dwell  at  various  surface 
locations  for  different  periods  of  time.  This  sweeping 
mechanism  prevents  the  full  energy  of  the  lightning 
flash  from  being  delivered  to  one  spot  on  the  aircraft 
surface,  a  phenomenon  of  particular  importance  as  re¬ 
gards  design  and  protection  of  fuel  tanks. 

If  part  of  the  surface,  such  as  the  radome,  is  non- 
metallic,  the  flash  may  continue  to  dwell  at  the  last 
metallic  attachment  point  (aft  end  of  the  pitot  boom) 
until  another  exposed  metallic  surface  (the  fuselage) 
has  reached  it;  or  the  channel  may  puncture  the  non- 
metallic  surface  and  reattach  to  a  metallic  object  be¬ 
neath  it  (the  radar  dish).  Whether  puncture  or  surface 
fiashover  occurs  depends  on  the  amplitude  and  rate  of 
rise  of  the  voltage  stress  created  along  the  channel, 
as  well  as  the  voltage  withstand  strength  of  the  non- 
metallic  surface  and  any  air  gap  separating  it  from  the 
enclosed  metallic  objects.  When  the  lightning  arc  has 
been  swept  back  to  one  of  the  trailing  edges,  it  may  re¬ 
main  attached  at  that  point  for  the  remaining  duration 
of  the  lightning  flash.  An  initial  attachment  point  at  a 
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Fig.  3.18  Typical  path  of  swept-flash  attachment  points. 


trailing  edge,  of  course,  would  not  be  subjected  to  any 
swept  stroke  action.  Instead,  the  lightning  channel  is 
extended  horizontally  aft  of  the  aircraft. 

The  aircraft  does  not  usually  fly  out  of,  or  away 
from,  the  channel.  This  is  because  the  potential  dif¬ 
ference  between  charge  centers  (cloud  and  earth  or  an¬ 
other  cloud)  is  sufficient  to  maintain  a  very  long  chan¬ 
nel  until  the  charges  have  neutralized  each  other  and 
the  flash  dies. 

3.6  Lightning  Attachment  Zones 

Since  there  are  some  regions  on  the  aircraft  where 
lightning  is  unlikely  to  attach,  and  others  which  will 
be  exposed  to  attachment  for  only  a  small  portion  of 
the  total  flash  duration,  it  is  appropriate  to  define  the 
zones  on  the  aircraft  surface  which  will  be  exposed  to 
different  components  of  the  flash  and  therefore  receive 
different  types  and  degrees  of  effects. 

3.6.1  Zone  Definitions 

For  purpose  of  protection  design,  the  Federal  Avi¬ 
ation  Administration  (FAA)  has  defined  in  its  Advi¬ 
sory  Circular  AC  20-53A  [3.21]  the  following  zones: 

Zone  1A:  Initial  attachment  point  with  low  possibility 
of  lightning  channel  hang-on. 

Zone  IB:  Initial  attachment  point  with  high  possibil¬ 
ity  of  lightning  channel  hang-on. 

Zone  2A:  A  swept-stroke  zone  with  low  possibility  of 
lightning  channel  hang-on. 

Zone  2B:  A  swept-stroke  zone  with  high  possibility  of 
lightning  channel  hang-on. 

Zone  3:  Those  portions  of  the  airframe  that  lie  within 
or  between  the  other  zones,  which  may  carry  sub¬ 
stantial  amounts  of  electrical  current  by  conduction 
between  areas  of  direct  or  swept  stroke  attachment 
points. 


Zones  are  the  means  by  which  the  external  en¬ 
vironment  is  applied  to  the  aircraft.  The  locations 
of  these  zones  on  any  aircraft  are  dependent  on  the 
aircraft’s  geometry,  materials  and  operational  factors, 
and  often  vary  from  one  aircraft  to  another.  There¬ 
fore,  a  determination  must  be  made  for  each  aircraft 
configuration. 

Neither  AC  20-53A  nor  any  other  airworthiness 
standards  prescribe  the  actual  locations  of  the  zones 
on  a  particular  aircraft  since  the  locations  of  each  zone 
are  dependent  upon  the  aircraft’s  geometry  and  oper¬ 
ational  factors,  and  may  vary  from  one  aircraft  to  an¬ 
other.  Defining  the  zones  is  a  subjective  matter,  not 
one  amenable  to  exact  analysis.  Actual  zones  are  usu¬ 
ally  established  by  the  aircraft  designer  by  reference  to 
past  inflight  experience  with  aircraft  of  similar  design 
or  with  the  aid  of  lightning  strike  tests  on  scale  mod¬ 
els.  Guidance  for  locations  of  strike  zones  on  specific 
aircraft  is  given  in  Chapter  5,  together  with  further 
discussion  and  examples  of  the  factors  affecting  air¬ 
craft  lightning  attachments  and  zone  locations. 

3.7  Mechanism  of  Aircraft  Triggered 
Lightning 

Aircraft  triggered  lightning  is  defined  as  lightning 
which  occurs  because  of  the  presence  of  an  aircraft  and 
would  not  otherwise  occur.  A  frequent  theme  in  pi¬ 
lots’  reports  of  lightning  strikes  to  aircraft  is  that  the 
aircraft  was  struck  before  there  was  any  evidence  of 
lightning  activity  in  the  area,  and  a  belief  commonly 
expressed  is  that  the  aircraft  triggered  the  lightning 
flash,  rather  than  the  aircraft  just  being  an  inadver¬ 
tent  bystander  through  which  a  naturally  occurring 
lightning  flash  chose  to  pass. 

Evidence  has  accumulated  that  aircraft  can  in¬ 
deed  trigger  lightning  and  theories  have  been  devel¬ 
oped  to  explain  the  mechanism.  It  is  well  established 
that  research  aircraft  intentionally  flown  into  charged 
clouds  have  triggered  flashes  and  that  these  flashes 
have  originated  at  the  aircraft.  It  is  not  as  evident 
that  aircraft  flown  under  normal  conditions  and  seek- 


ing  to  avoid  lightning  often  trigger  lightning  flashes. 
Possibly  those  aircraft  are  more  often  struck  by  a  nat¬ 
urally  propagating  leader,  as  discussed  in  §3.4.3. 

To  some  extent  the  matter  may  be  academic  since 
aircraft  are  struck  by  lightning  and  the  measures  taken 
to  protect  against  lightning  would  be  the  same  whether 
it  were  triggered  by  the  aircraft  or  not. 

The  subject  of  aircraft  triggered  lightning  first  be¬ 
gan  to  be  seriously  studied  in  the  1960’s  [3.22  -  3.26].  It 
was  during  this  period  that  it  was  shown  that  lightning 
could  be  deliberately  triggered  by  rockets  with  trailing 
wires  [3.27].  Toward  the  end  of  the  1960’s  Apollo  12 
was  struck  by  what  was  deemed  to  be  a  triggered  light¬ 
ning  flash  and  studies  [3.28,  3.29]  were  undertaken  to 
understand  the  conditions  that  could  result  in  light¬ 
ning  being  triggered  by  an  aerospace  vehicle. 

In  1972,  it  was  suggested  [3.30j  that  necessary  and 
sufficient  conditions  for  triggering  of  lightning  by  any 
vehicle,  including  aircraft,  were  the  existence  of  an  am¬ 
bient  electric  field  of  at  least  10  kV/m,  and  that  the 
vehicle  span  a  potential  difference  of  about  one  million 
volts.  Also  in  1972,  an  interesting  study  was  published 
which  concluded  that  aircraft  could  trigger  lightning 
and  that  static  charge  on  the  aircraft  was  an  impor¬ 
tant  factor  [3.31]. 

A  good  review  of  this  subject  and  bibliography 
was  published  in  1982  [3.32],  Even  up  to  this  date, 
however,  there  was  considerable  uncertainty  and  de¬ 
bate  regarding  the  possibility  of  aircraft  triggered 
lightning.  This  was  basically  because  there  were  no 
definitive  measurements  of  aircraft  triggered  lightning 
and  no  physical  models  to  explain  it. 

F-106B  Research  aircraft:  In  1981  an  F-106B  air¬ 
craft,  operated  by  the  NASA  Langley  Research  Cen¬ 
ter  was  outfitted  as  a  research  vehicle  to  be  flown  into 
clouds  to  collect  data  on  the  characteristics  of  lightning 
intercepted  by  aircraft.  Starting  in  1982  the  UHF- 
band  radar  at  the  Wallops  Flight  Facility  of  the  NASA 
Goddard  Space  Flight  Center,  was  used  to  guide  the 
F-106B  through  the  upper  regions  of  thunderstorms 
to  increase  the  probability  of  the  aircraft  being  struck, 
by  lightning  [3.33]. 

Analysis  of  the  radar  echos  showed  that  nearly  ev¬ 
ery  echo  from  a  lightning  strike  to  the  F-106B  started 
directly  on  top  of  the  echo  from  the  aircraft  and  propa¬ 
gated  away  from  the  aircraft.  This  certainly  suggested 
that  the  lightning  flashes  were  triggered  by  the  air¬ 
craft  and  were  not  naturally  occurring  flashes.  If  they 
had  been  naturally  occurring  flashs  intercepted  by  the 
aircraft,  then  an  observer  would  have  seen  the  echos 
start  some  distance  from  the  aircraft  and  propagate  to¬ 
ward  the  aircraft,  finally  blending  with  the  echo  from 
the  aircraft  at  the  time  the  strike  was  recorded  by  the 


aircraft.  None  of  the  lightning  flashes  showed  this  pat¬ 
tern.  Many  echos  were  seen  from  naturally  occurring 
intracloud  flashes,  but  none  of  them  ever  struck  the 
F-106B. 

In  addition  to  the  radar  echos,  analyses  using 
three  dimensional  numerical  models  [3.33  -  3.36]  have 
predicted  currents  to  arise  from  triggering  that  are 
very  similar  to  those  observed  on  the  vehicle.  All  of 
this  evidence  rather  conclusively  proves  that  the  F- 
106B  research  aircraft  has  triggered  lightning  flashes. 

There  also  has  been  other  significant  research  into 
the  mechanisms  of  triggered  lightning.  Work  has  been 
done  on  energy  considerations  [3.37  -  3.38],  the  role  of 
positive  corona  streamers  and  precipitation  particles 
[3.38  -  3.39],  electrode  velocity  [3.42],  and  other  topics 
[3.43  -  3.45].  Experimental  studies  have  included  a 
scale  model  Space  Shuttle  Orbiter  vehicle  [3.46]  and 
an  electrically  floating  cylinder  [3.47]. 

Mechanism  of  triggering:  Triggered  lightning  occurs 
because  the  local  electric  field  induces  charge  on  the 
extremities  of  the  aircraft,  this  charge  then  producing 
an  electric  field  sufficient  to  cause  air  breakdown  at 
places  on  the  aircraft,  corona  as  discussed  in  Chapter 
1  or  St.  Elmo’s  Fire,  as  discussed  in  Chapter  2.  If 
the  ambient  electric  field  is  sufficiently  high,  streamers 
then  develop  and  propagate  away  from  the  aircraft. 

The  basic  mechanism  of  propagation  is  similar  to 
that,  described  in  Chapter  1  with  one  major  difference. 
During  breakdown  of  a  gap  subjected  to  an  externally 
applied  impulse,  the  energy  required  to  establish  the 
field  into  which  the  streamer  propagates  is  produced 
by  the  externally  applied  impulse.  The  streamer  may 
then  continue  to  propagate  by  conducting  charge  along 
its  channel  and  establishing  a  field  at  its  tip  sufficient 
to  maintain  propagation,  the  requisite  field  at  the  tip 
of  the  leader  being  on  the  order  of  500  kV/m  at  sea 
level  There  does  not  have  to  be  a  pre-existing  field 
since  the  charge  to  maintain  the  channel  can  come 
from  the  generator  that  applies  the  impulse  to  the 
electrode.  Laboratory  studies  with  switching  impulse 
voltage,  §1.5.1,  of  as  5  x  10a  volts  peak  have  produced 
discharges  propagating  30  -  GO  meters  (100  -  200  ft). 

Lightning  leaders  propagate  by  a  similar  mecha¬ 
nism,  drawing  on  the  charge  stored  in  the  cloud. 

With  aircraft  triggered  lightning  the  difference  is 
that  the  energy  to  maintain  propagation  must  come 
from  a  pre-established  field.  Electrical  charge  stored 
on  the  aircraft  may  contribute  to  the  initial  break¬ 
down,  but  can  never  be  enough  to  maintain  the  dis¬ 
charge.  A  consequence  that  follows  from  this  is  that 
streamers  must  propagate  away  from  the  aircraft  in 
both  directions,  one  streamer  being  positive  and  one 
negative. 
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Requirement*  for  triggering:  For  triggered  lightning 
to  form,  the  first  requirement  is  that  the  static  elec¬ 
tric  field  in  which  the  aircraft  is  immersed  must  be 
large  enough  and  oriented  properly  so  that  the  locally 
enhanced  fields  somewhere  on  the  aircraft  exceed  the 
local  air  breakdown  value.  The  largest  enhancements 
of  the  field  will  be  at  sharp  points  or  edges,  partic¬ 
ularly  if  those  points  and  edges  are  oriented  in  the 
direction  of  the  ambient  field.  An  aircraft  in  flight  has 
many  such  sharp  points  and  sharp  edges,  such  as  pro¬ 
peller  tips,  wings  and  empennage  tips.  For  distances 
of  half  a  meter  or  so  these  locally  enhanced  fields  are 
likely  to  be  higher  than  the  ambient  field  by  a  factor 
of  ten  or  more.  Hence,  it  is  considerably  more  likely 
that  initial  air  breakdown  and  formation  of  a  lightning 
channel  will  occur  in  the  presence  of  an  aircraft  than 
in  its  absence. 

The  second  requirement  for  triggered  lightning  is 
that  the  electric  field  be  sufficiently  high,  and  high  for  a 
sufficient  distance,  that  a  streamer  can  form  and  prop¬ 
agate.  Formation  of  corona  is  not  sufficient;  during 
thunderstorms  corona  forms  on  grounded  objects  all 
the  time,  but  does  not  develop  into  streamers  because 
the  electric  field  into  which  the  corona  grows  is  not 
sufficiently  high.  The  research  discussed  in  Chapter  1, 
on  streamer  development  from  electrodes  subjected  to 
externally  applied  impulses,  shows  that  the  streamers 
will  continue  to  propagate  and  develop  into  full  fledged 
lightning  leaders  as  long  as  the  average  electric  field  in 
the  gap  exceeds  about  500  kV/m,  at  sea  level.  At 
flight  altitudes,  the  ambient  field  sufficient  to  support 
continued  streamer  propagation  is  somewhat  less  due 
to  lower  air  densities. 

That  research  also  shows  that  an  average  volt¬ 
age  gradient  of  500  kV /m  applied  to  an  electrode  gap 
will  always  lead  to  breakdown  if  the  voltage  is  main¬ 
tained  long  enough.  500  kV/m  is  the  value  at  sea 
level;  250  kV/m  could  be  expected  to  cause  break¬ 
down  at  6000  m  (20  000  ft)  altitude.  One  conclusion 
from  this  is  that  an  electric  field  of  several  hundred 
kV/m  represents  conditions  that  are  just  on  the  edge 
of  breakdown.  Another  is  that  breakdown  is  almost 
certain  to  occur  whenever  the  field  achieves  the  requi¬ 
site  minimum  level  since  in  time  there  will  be  a  local 
breakdown  that  will  then  be  able  to  propagate.  As  a 
consequence  all  triggered  lightning  flashes  should  show 
similar  properties. 

In  addition  to  the  charge  induced  by  an  ambient 
electric  field,  an  aircraft  can  also  collect  a  net  charge 
by  various  means,  such  as  ejection  of  ionized  parti¬ 
cles  in  the  exhaust  of  an  engine  or  by  interception  of 
charged  rain  drops  or  ice  crystals.  Such  a  charge  may 
significantly  affect  the  occurrence  of  triggered  light¬ 
ning  because  it  contributes  to  the  local  fields  and  can 


either  suppress  or  enhance  the  initial  breakdown  and 
developing  leaders. 

3.7.1  Triggered  Lightning  Environment 

The  key  factor  in  aircraft  triggered  lightning  is  the 
static  electric  field  produced  by  thunderstorms.  These 
fields  have  been  measured  by  several  researchers  using 
aircraft,  rockets,  balloons,  and  parachuted  sondes  and 
show,  Table  3.5,  that  the  requisite  fields  of  250  -  500 
kV /m  can  exist.  Higher  values  have  also  been  reported 
[3.48].  More  recent  observations  [3.49  -  3.54]  report 
values  which  are  also  consistent  with  Table  3.5.  The 
review  cited  in  Table  3.5  also  contains  an  excellent 
bibliography  on  work  related  to  electric  fields. 

Table  3.5 


Thunderstorm  Electric  Fields  Measured 
in  Airborne  Experiments 


Investigator 

Typical 

(V/m) 

High  Values 
Oijcasionally  Observed 

Measurement 

type 

Winn  et  al. 

(1974) 

6-8  xIO4 

2x  10s 

Rockets 

Winn  et  al.  (1901) 

• 

1.4  X  10s 

Balloons 

Rust,  Kasemlr 

1.5  x10s 

3.0  X  10s 

Aircraft 

Kasemlr  and  Perkins 
(1978) 

1x10s 

2.8  x  10s 

Aircraft 

Imyanitov  at  al.  (1972) 

1x10s 

2.5  x  10s 

Aircraft 

Evans  (1969) 

■ 

2x  10s 

Parachuted 

Sonde 

Fitzgerald  (1976) 

2-4  x  10s 

8x  10s 

Aircralt 

The  simplified  thunderstorm  cell  model  [3.55] 
shown  in  Fig.  3.19  will  be  used  to  illustrate  the  condi¬ 
tions  under  which  such  such  fields  may  be  found.  The 
illustration  is  based  on  information  extracted  from  the 
NASA  Langley  Research  Center  Storm  Hazards  Re¬ 
search  Program  [3.56]  using  an  F-106B  research  air¬ 
craft.  The  cell  has  a  +40  Coulomb  charge  centered 
at  10  km  (32  800  ft)  above  ground,  a  -40  Coulomb 
charge  centered  at  5  km  (16  400  ft),  and  a  +10  Cou¬ 
lomb  charge  centered  at  2  km  (6000  ft). 

Calculation  of  the  electric  fields  can  be  simplified 
by  assuming  point  charges  located  in  a  vertical  line 
with  image  charges  in  the  ground.  Contours  of  con¬ 
stant  electric  field  from  such  an  assemblage  of  charges 
are  shown  in  Figs.  3.20  -  3.22.  Because  the  calcula¬ 
tions  are  based  on  point  charges,  the  figures  show  an 
upper  bound  on  the  field.  The  actual  charges  are  dis¬ 
tributed.  The  field  external  to  the  charged  region  may 
be  calculated  correctly  by  assuming  point  charges,  but 
for  points  inside  the  charged  region,  the  actual  field 
would  be  smaller  than  indicated  on  the  figures. 
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kilometers 


Fig.  3.20  Radial  component  of  electric  field. 

Fig.  3.20  is  the  most  interesting  for  the  purposes 
of  investigating  triggered  lightning  on  the  F-106B.  If 
the  aircraft  is  in  essentially  level  flight,  the  horizontal 
field  will  be  the  one  most  enhanced. 

The  triggered  lightning  response  of  the  F-106B 
has  been  successfully  modeled  by  the  techniques  to  be 
described  in  Chapter  10.  One  part  of  this  analysis  is 
calculation  of  the  degree  to  which  the  aircraft  enhances 
the  local  electric  field  [3.57] .  The  calculations  show 
that  the  horizontal  fields  at  the  nose  of  the  aircraft  are 


enhanced  by  a  factor  of  about  ten.  Horizontal  fields  at 
the  tips  of  the  wings  are  enhanced  by  a  factor  of  about 
seven.  Which  horizontal  field  is  enhanced  the  most  of 
course  depends  on  which  way  the  aircraft  is  oriented 
relative  to  the  pre-existing  electric  field.  Vertical  fields 
at  the  tip  of  the  vertical  stabilizer  are  enhanced  by 
a  factor  of  about  3.  Hence  for  level  flight,  vertical 
ambient  fields  are  of  much  less  importance  than  radial 
fields,  unless  the  ambient  vertical  field  level  is  several 
times  larger  than  the  radial  field. 
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Fig.  3.21  Vertical  component  of  electric  field. 

Lightning  has  the  potential  of  being  triggered  at 
any  point  in  space  at  which  the  enhanced  field  around 
the  aircraft  exceeds  the  minimum  breakdown  strength 
of  the  air.  Since  this  breakdown  strength  depends 
on  altitude,  or  more  exactly  air  density,  a  field  which 
causes  triggered  lightning  at  a  high  altitude  («  10  km) 
may  not  do  so  at  lower  altitudes.  Taking  these  factors 
into  account,  the  dashed  lines  in  Figs.  3.20  and  3.21 
show  the  points  in  space  at  which  an  electric  field  of 
breakdown  strength  can  be  reached  on  the  aircraft, 
assuming  proper  orientation.  The  calculations  assume 
that  the  net  aircraft  charge  is  zero;  if  it  were  charged 
the  dashed  lines  could  extend  further  away  from  the 
charge  centers.  Fig.  3.22  shows  the  total  magnitude 
of  the  field. 

The  dashed  lines  thus  indicate  the  regions  inside 
which  the  F-106B  in  level  flight  could  trigger  light¬ 
ning.  At  high  altitudes  where  the  breakdown  strength 
of  air  is  low,  triggering  can  occur  up  to  two  kilometers 
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from  the  charge  center.  At  the  very  low  altitudes  («  2 
km)  where  the  breakdown  strength  o?  air  is  greater  the 
trigger  region  is  only  a  few  hundred  meters  across.  In 
fact,  because  the  charges  are  really  extended  and  not 
point  sources,  it  is  possible  that  at  th3se  low  altitudes 
triggering  is  not  possible. 


Fig.  3.22  Magnitude  of  total  electric  field. 

3.7.2  The  Response  of  Aircraft  to  Triggered 
Lightning 

In  elementary  terms  the  response  of  an  aircraft  is 
illustrated  on  Fig.  3.23,  which  shows  the  F-106  air¬ 
craft  flying  directly  toward  a  positive  charge  center. 
The  aircraft,  in  response  to  the  ambient  field  will  be¬ 
come  polarized;  that  is,  electrons  will  be  pulled  from 
the  aft  end  towards  the  nose.  Thus  it  will  accumulate 
a  negative  charge  (surplus  of  electrons)  at  the  nose  and 
a  positive  charge  (deficiency  of  the  electrons)  at  the  aft 
end,  though  the  net  charge  on  the  aircraft  will  remain 
unchanged.  The  field  strength  at  the  surfaces  of  the 
aircraft  will  be  the  sum  of  that  due  to  the  incident 
electric  field  and  the  fields  due  to  the  induced  charges, 
which  is  to  say  that  t^e  field  will  be  enhanced  by  the 
presence  of  the  aircraft.  The  electric  field  at  the  nose 
will  point  towards  the  fuselage  and  at  the  aft  end  will 
point  away  from  the  fuselage,  the  polarity  of  the  fields 
being  as  defined  in  §2.2.2.  Fv  ~  the  orientation  shown, 
the  enhanced  field  will  be  largest  at  the  nose  of  the 
aircraft. 

As  the  aircraft  flies  towards  the  charged  regions 
the  electric  fields  at  the  surface  of  the  aircraft  will 
slowly  increase;  that  is,  become  more  negative  at  one 


end  and  more  positive  at  the  other  end.  Eventually  the 
enhanced  field  at  the  nose  will  become  large  enough 
to  cause  a  burst  of  corona,  the  electrons  at  the  nose 
flowing  off  into  the  air  ahead  of  the  nose.  This  will 
reduce  the  field  at  the  nose  (make  it  less  negative)  and 
ultimately  arrest  the  discharge. 


OBSERVATION  POINT 


(a) 


Fig.  3.23  Expected  behaviour  of  triggered 
lightning  for  nose  to  tail  oriented 
electric  field. 

(a)  Observation  point 

(b)  and  (c)  Electric  field 
(d)  and  (e)  Magnetic  field 

The  flow  of  electrons  from  the  nose  can  equally 
well  be  viewed  as  a  flow  of  positive  charge  from  the  air 
onto  the  aircraft,  thus  leaving  the  aircraft  with  a  net 
positive  charge.  This  additional  positive  charge  will 
enhance  the  field  at  the  aft  end,  eventually  causing  an¬ 
other  breakdown  there.  That  discharge  may  be  viewed 
either  as  transferring  positive  charge  into  the  air  aft  of 
the  aircraft  or  as  transferring  negative  charge  from  the 
air  into  the  aircraft.  Not  every  discharge  at  the  nose 
will  cause  a  simultaneous  discharge  at  the  aft  end,  but 
on  balance  all  the  negative  charge  transferred  into  the 
air  at  the  nose  will  be  balanced  by  charge  transferred 
into  the  aircraft  from  a  discharge  at  the  aft  end.  The 
net  result  is  a  pulse  of  current  flowing  through  the  air- 
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craft,  or  more  commonly  two  pulses  of  current,  one 
charging  the  aircraft  and  another  discharging  it,  the 
pulses  being  seperated  by  several  tens  or  hundreds  of 
nanoseconds,  The  shape  of  the  pulses  into  and  out  of 
the  aircraft  will  be  different  since  the  mechanisms  will 
be  somewhat  different.  One  will  have  the  characteris¬ 
tics  of  the  negative  discharges  discussed  in  Chapter  1 
and  the  other  will  have  the  characteristics  of  the  pos¬ 
itive  discharges. 

As  the  discharges  extend  into  the  air  they  will  fur¬ 
ther  enhance  the  electric  field  at  their  tips  and,  pro¬ 
vided  the  ambient  field  is  sufficient,  will  continue  to 
grow.  The  two  oppositely  directed  discharges  thus  act 
to  transfer  electrical  charge  out  of  one  portion  of  the 
air  and  through  the  aircraft  into  another  portion  of 
the  air. 

Fig.  3.20  illustrated  conditions  such  that  a  dis¬ 
charge  would  start  at  the  nose  and  exit  at  the  aft  end, 
but  other  discharge  paths  are  also  possible,  depending 
on  the  orientation  of  the  aircraft  relative  to  the  elec¬ 
tric  field.  On  the  F-106B  most  discharges  (not  all) 
involved  the  nose  boom,  but  exit  points  on  the  wing 
tips  and  tail  were  common.  On  a  larger  aircraft  one 
might  expect  discharges  to  stare  at  points  other  than 
the  nose. 

Waveshape  of  current:  The  curre  nt  flowing  through 
the  aircraft  produces  electromagnetic  fields.  For  sen¬ 
sors  located  as  indicated  on  Fig.  3.23,  the  electric  and 
magnetic  fields,  and  their  derivatives,  would  have  the 
indicated  shapes.  On  the  F-  -106B  only  the  D-dot  and 
B-dot  sensors  had  bandwidth  sufficient  to  record  the 
above  phenomena;  D-dot  corresponding  to  the  rate  of 
change  of  electric  field  and  B-dot  corresponding  to  the 
rate  of  change  of  magnetic  field.  The  plots  are  simpli¬ 
fied  to  the  extent  of  ignoring  any  behavior  caused  by 
the  resonances  of  the  aircraft. 

Actual  records  could  be  expected  to  look  like 
those  in  Fig.  3.23  only  with  respect  to  general  fea¬ 
tures,  but  it  is  significant  that  both  single  pulses  and 
double  pulses  are  seen  in  the  data  measured  on  the  air¬ 
craft.  Fig.  3.24  shows  examples  [3.56].  The  initial  air 
breakdown  takes  place  in  a  fraction  of  a  microsecond 
and  has  a  high  frequency  content  sufficient  to  excite 
aircraft  resonances  and  produce  current  waves  that 
propagate  back  and  forth  between  the  extremities  of 
the  aircraft.  These  aircraft  resonances  are  important 
in  that  they  may  enhance  the  coupling  of  electric  and 
magnetic  fields  to  the  wires  in  the  aircraft. 

There  are  other  facets  of  a  triggered  event  which 
can  last  as  long  as  a  second  [3.56].  For  example.  Fig. 
3.25  shows  for  three  different  flashes  the  current  flow¬ 
ing  in  the  tip  of  the  F-106B  vertical  fin.  Each  of 
the  flashes  produced  a  continuing  current  of  average 
amplitude  on  the  order  of  80  amperes  and  lasting  for 


about  0.3  seconds.  Such  magnitudes  and  duration  are 
frequently  found  in  the  continuing  current  phase  of 
flashes  measured  at  ground  level.  The  current,  though, 
was  not  steady,  it  included  many  higher  amplitude 
pulses  superimposed  on  an  underlying  current.  The 
recording  channel  with  which  the  current  of  Fig.  3.25 
was  measured  had  a  DC  response  that  allowed  the  con¬ 
tinuing  current  to  be  recorded  faithfully,  but  the  fre¬ 
quency  response  extended  only  to  400  Hz,  insufficient 
to  resolve  the  amplitude  and  waveshape  of  the  indi¬ 
vidual  pulses. 


microseconds 
first  pulse 


microseconds 
first  pulse 


microseconds 
second  pulse 


.52 

microseconds 
second  pulse 


1.04 


Fig.  3.24  Inflight  D-dot  and  B-dot  strike  data. 

Fig.  3.25  shows  the  character  of  another  typical 
lightning  flash,  the  figure  showing  the  outputs  from  a 
number  of  different  sensors  as  measured  on  a  recorder 
with  bandwidth  400  Hz  to  100  kHz.  Also  shown  is  the 
fin  current  recorded  with  a  dc  to  400  Hz  bandwidth. 
Each  pulse  of  current  is  associated  with  a  change  of 
the  electric  field  (D-dot)  and  a  burst  of  light  from  the 
channel  of  the  flash. 

The  fin  current  of  Fig.  3.26  was  also  recorded 
with  a  digital  transient  recorder  taking  samples  every 
40  nanoseconds.  Fig.  3.27  shows  details  of  the  first 
pulse  of  current  from  the  fin,  the  time  of  triggering 
being  indicated  on  Fig.  3.25.  Pulses  of  current  occur 
on  average  about  every  50  ps.  The  highest  amplitude 
pulse  was  18  kA.  Lightning  currents  of  this  nature  are 
not  noted  at  ground  level. 
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The  measured  current  of  Fig.  3.27  is  of  impor¬ 
tance  because  it  prompted  the  requirement  for  a  muJ- 
tiple  burst  current  test  for  indirect  effects,  as  discussed 
further  in  Chapters  5  and  18. 


Tiiro,  (is 

Fig.  3.27  Vertical  fin  current. 

Rates  of  change:  Rates  of  change  of  current  and 
electric  field  are  important  quantities.  The  standard¬ 
ized  lightning  environment,  discussed  in  Chapter  5,  is 
largely  based  on  measurements  taken  at  ground  level 
of  cloud-to-ground  lightning,  but  the  measurements 
taken  on  the  F-106B  [3.56],  provide  some  data  on 
aircraft  in  flight  and  subjected  to  triggered  lightning 
flashes.  The  data  is  summarized  in  Figs.  3.28  and 
3.29.  With  95%  confidence  the  data  suggest  that  the 
peak  f?-dot  will  exceed  48A/m2  only  3.7  %  of  the  time 
(±1%).  With  the  same  confidence  the  data  suggest 
that  the  peak  /-dot  will  exceed  250  kA//J8  only  0.7  % 
of  the  time  (±0.2%. 


Fig.  3.28  D-dot  measurements  on  the  F-106B. 


Fig.  3.29  /-dot  measurements  on  the  F-106B. 

3.7.3  Calculation  of  Triggering  Conditions 

Calculation  of  the  conditions  that  lead  to  light¬ 
ning  triggering  conditions  is  accomplished  by  first  com¬ 
puting  the  electric  field  gradients  due  to  any  net  charge 
on  the  aircraft.  The  modeling  techniques  used  for  this 
are  discussed  further  in  Chapter  10.  Then  the  fields  on 
the  aircraft  caused  by  the  static  ambient  thunderstorm 
fields  can  be  added.  The  thunderstorm  field  magni¬ 
tude  which  may  enable  triggering  is  that  which  causes 
the  total  field  somewhere  on  the  aircraft  to  exceed  the 
corona  level. 

The  location  of  this  breakdown  on  the  F-106B 
varied  depending  on  the  orientation  of  the  field  and 
the  sign  of  the  charge,  but  generally  occurred  in  one  of 
three  places:  the  nose,  one  of  the  wing  tips,  or  the  tip 
of  the  vertical  stabilizer.  Occasionally  two  locations 
were  involved,  since  a  breakdown  at  one  location  might 
raise  the  local  field  at  another  location  enough  to  cause 
a  breakdown  there  also. 

A  number  of  calculations  were  made  to  illustrate 
the  conditions  under  which  the  F-106B  might  trig¬ 
ger  lightning,  with  results  as  summarized  in  Table  3-6. 
Calculations  were  made  for  several  values  of  net  charge 
on  the  aircraft.  The  maximum  charge,  Qm,  was  taken 
to  be  1.779  mC,  the  charge  which  by  itself  would  cause 
corona  to  form  on  the  aircraft.  It  should  be  noted  that 
this  aircraft  had  no  static  dischargers.  If  it  had,  they 
would  probably  have  bled  off  charge  and  not  allowed 
the  aircraft  to  hold  as  much  charge. 

Along  the  upper  row  of  the  matrix  in  Table  3.6  is 
shown  the  orientation  of  the  ambient  electric  field,  the 
three  orientations  being  along  the  principal  coordinate 
axes  of  the  aircraft;  end  to  end  along  the  the  fuselage, 
wing  to  wing,  and  top  to  bottom.  Both  signs  of  field 
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Table  3.6 


High  and  Low  Altitude  Triggering  Fields  For  F106 
vs  Charge,  Altitude  and  Orientation  of  Field 


Aircraft 

Charge 

Back 

to 

Front 

Front 

to 

Back 

Right 

to 

Left 

Left 

to 

Right 

Bottom 

0 

Top 

Top 

to 

Bottom 

0 

190 

190 

280 

280 

470 

470 

250 

250 

380 

380 

590 

590 

+0.5f?m 

107 

200 

200 

200 

300 

600 

140 

230 

210 

210 

350 

660 

-o.5<3m 

273 

150 

200 

160 

640 

300 

230 

160 

210 

210 

660 

350 

+Qm 

24 

50 

20 

20 

80 

80 

34 

60 

40 

40 

120 

160 

~Qm 

24 

15 

20 

20 

80 

80 

60 

34 

40 

40 

160 

120 

The  top  number  is  the  high  altitude  field  magnitude 
in  kV/m.  The  bottom  number  refers  to  sea  level. 


are  considered,  because  a  negative  corona  air  break¬ 
down  is  different  from  a  positive  corona  air  breakdown. 

In  the  leftmost  column  of  each  matrix  is  the  net 
charge  that  was  placed  on  the  aircraft.  Five  charge 
values  were  used:  no  charge,  ±0.5  Qm  and  ±1.0  Qm. 

The  values  in  the  interior  of  the  matrix  are  the 
magnitudes  of  the  thunderstorm  electric  field  which 
would  cause  triggered  lightning,  or  at  least  cause  a 
burst  of  corona  from  the  aircraft  that  has  the  potential 
of  developing  into  a  lightning  channel.  Note  that,  as 
expected,  the  field  magnitudes  are  much  less  for  the 
cases  in  which  the  aircraft  has  a  pre-existing  static 
charge  of  Qm,  because  for  those  cases,  the  charge  itself 
(by  definition  of  Qm)  produces  virtually  all  of  the  field 
necessary  to  produce  breakdown. 

A  pre-existing  charge  on  the  aircraft,  as  from  col¬ 
lisions  with  particles  (triboelectric  charging)  is  not  suf¬ 
ficient  to  cause  extended  streamer  propagation  away 
from  the  aircraft  and  development  into  full  fledged 
lightning  leaders.  As  discussed  earlier,  there  must  be  a 
pre-existing  ambient  field  for  leader  propagation  to  oc¬ 
cur.  Pierce  [3.17]  suggests  that  requisite  field  strength 
is  on  the  order  of  10  kV /m.  Thus  aircraft  charged  or 
exposed  to  fields  due  only  to  triboelectric  (“P-static") 
charging  may  develop  corona  and  limited  streamer- 
ing  at  their  extremities,  but  will  not  trigger  lightning 
flashes,  because  there  is  not  a  pre-existing  field  into 
which  the  streamer  can  develop  and  extract  the  en¬ 
ergy  needed  for  further  propagation. 


A  more  intense  ambient  field  is  necessary  to  pro¬ 
duce  triggering  if  the  charge  on  the  aircraft  is  only 
half  of  Qm.  Field  lewis  of  the  order  100  -  250  kV/m 
are  needed  to  produce  triggering  if  the  field  is  oriented 
fore  and  aft  along  the  aircraft.  A  somewhat  stronger 
field  is  needed  if  the  field  is  oriented  wing  to  wing. 
Fields  of  these  magnitudes  are  found  in  clouds  and 
are  consistent  with  the  fields  found  necessary  to  cause 
breakdown  in  air  gaps  subjected  to  externally  applied 
impulses. 

Fields  having  magnitudes  300  -  600  kV/m  would 
be  necessary  to  cause  triggering  if  the  field  were  ori¬ 
ented  top  to  bottom  along  an  aircraft,  with  geometry 
similar  to  the  F-106B.  The  fact  that  most  flashes  to 
the  F-106  started  at,  or  at  least  involved,  the  nose 
boom  suggests  that  vertical  fields  of  that  magnitude 
are  seldom  encountered.  Laboratory  studies  also  sug¬ 
gest  that  fields  of  that  magnitude  are  apt  to  lead  to 
lightning  flashes  even  without  the  intrusion  of  an  air¬ 
craft. 

Tha  Effects  of  Aircraft  Size  and  Shape  on  Trigger 
Condition*:  Aircraft  shape  and  aircraft  size  both  af¬ 
fect  the  degree  to  which  the  fields  at  the  surface  of  the 
aircraft  are  enhanced.  The  thunderstorm  environment 
necessary  for  a  triggered  strike  may  be  different  for  dif¬ 
ferent  types  of  aircraft;  that  is,  for  an  identical  thun¬ 
derstorm  environment,  one  aircraft  may  encounter  a 
naturally  occurring  direct  strike,  while  a  second  dif- 
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ferently  shaped  or  sized  aircraft  will  instead  trigger  a 
lightning  flash.  For  this  reason  the  study  on  the  F-106 
[3.56]  included  an  investigation  of  the  effects  of  aircraft 
size  and  shape.  The  aircraft  studied  were: 

1.  Half  size  F-106 

2.  Double  size  F-106 

3.  Normal  size  F-106,  but  delta  wings  replaced  with 

more  conventional  straight  wings 

4.  Normal  size  C-130 

5.  Normal  size  F-106 

The  first  two  aircraft  cover  a  size  range  from  ap¬ 
proximately  10  m  (35  ft)  to  40  m  (140  ft).  Although 
the  field  enhancements  around  these  two  aircraft  are, 
of  course,  the  same,  the  effects  of  a  given  net  charge 
on  the  aircraft  are  much  different.  The  resonant  char¬ 
acteristics  of  the  aircraft  would  also  be  different. 

The  modified  F-106  without  the  delta  wing  is 
meant  to  test  the  effect  of  the  delta  wing  on  field 
enhancements,  resonant  response,  and  charge  storage 
properties.  In  particular,  charge  storage  could  be  sig¬ 
nificantly  affected,  because  the  large  flat  delta  wings 
increase  the  capacitance  of  the  aircraft.  This  shape  is 
typical,  though  somewhat  larger,  of  some  high  perfor¬ 
mance  general  aviation  aircraft. 

The  C-130  is  representative  of  the  shapes  found  in 
large  transport  category  aircraft.  It  has  more  rounded 
contours,  particularly  at  the  nose. 

The  normal  size  F-106  is  included  for  compari¬ 
son  purposes  and  determination  of  relationships  with 
actual  flight  data. 

For  each  aircraft,  two  different  environments  were 
used.  In  both,  the  net  charge  on  the  aircraft  was  fixed 
at  -0.5  Q m,  where  Qm  is  the  maximum  charge  which 
can  be  on  the  aircraft  without  causing  corona  to  form 
at  the  extremities.  Qm  is,  of  course  diferent  for  each 
aircraft.  Two  orientations  of  the  ambient  field  orien¬ 
tations  were  studied,  one  with  the  field  oriented  from 
nose  to  tail  and  the  other  oriented  from  top  to  bottom. 
For  consistency,  all  computations  were  done  for  an  al¬ 
titude  of  8300  m  (27  000  ft)  with  an  assumed  relative 
air  density  of  0.5  and  with  a  water  vapor  percentage 
of  zero. 

The  results  are  summarised  in  Table  3.7.  The  field 
values,  Em,$  represent  the  minimum  ambient  field  nec¬ 
essary  to  produce  a  triggered  strike  on  the  given  air¬ 
craft  model  for  the  given  orientation  and  Qm.  The 
labels  NT  and  TB  refer  to  nose  to  tail  and  top  to 
bottom  ambient  field  orientations,  respectively. 


Table  3.7 


Trigger  Conditions  for  Aircraft 
of  Various  Sizes  and  Shapes 


Aircraft 

Field 

Orientation 

(mC) 

(kV/m) 

1/2  x  F106 

NT 

0.49 

100 

TB 

0.49 

200 

2  x  F100 

NT 

7.90 

100 

TB 

7.90 

250 

Str night  Wing 

NT 

2.00 

120 

F10G 

TB 

2.00 

240 

030 

NT 

0.90 

190 

TB 

690 

210 

Normal  F106 

NT 

1.79 

130 

TB 

1.79 

310 

NT  =  now*  to  tnil 
TD  a  top  to  bottom 


Several  items  are  apparent  from  Table  3.7.  First, 
size  is  by  far  the  dominant  determining  factor  for  Qm. 
For  aircraft  with  similar  shapes,  one  would  expect  Qm 
to  scale  in  proportion  to  the  surface  area,  that  is,  as 
the  square  of  the  length.  This  is  seen  to  be  true,  as 
Q„  varies  by  a  factor  of  about  16  between  the  half  size 
and  the  double  size  F-106. 

A  second  thing  to  notice  is  the  effect  of  the  delta 
wing.  Qm  for  the  normal  size  F-106  with  delta  wing 
is  1.79  millicoulombs  and  is  2  millicoulombs  without 
the  delta  wing.  This  is  a  somewhat  surprising  result, 
as  one  might  expect  the  large  surface  area  of  the  delta 
wing  to  hold  a  large  amount  of  charge.  However,  the 
presence  of  the  delta  wing  changes  the  static  electrical 
characteristics  of  the  aircraft  considerab'y.  Because  of 
the  delta  wing  at  the  rear  of  the  aircraft,  field  enhance¬ 
ments  are  significantly  larger  around  the  nose.  In  fact, 
a  nose  to  tail  oriented  field  has  an  enhancement  factor 
of  6.3  for  the  aircraft  without  the  delta  wing,  and  7.2 
for  the  aircraft  with  the  delta  wing.  The  same  type 
of  phenomenon  occurs  for  a  given  net  charge.  That 
is,  the  charge  arranges  itself  on  the  delta  wing  aircraft 
in  such  a  way  that  it  takes  less  charge  to  bring  about 
corona  formation. 

Of  importance  also  in  Ihble  3.7  is  the  magnitude 
of  the  field  required  for  a  lightning  strike  on  the  C-130. 
Fbr  the  nose-tail  field  direction,  Qm  it  is  several  times 
that  required  for  the  F-106.  This  is  attributable  to 
the  bluntness  of  the  nose  of  the  C-130.  In  actual  prac¬ 
tice,  the  triggering  field  may  differ  by  even  more.  The 
reason  for  this  is  that  the  C-130  is  quite  accurately 
represented  near  the  nose  by  the  model  used  for  these 
calculations  so  its  maximum  enhancement  should  be 
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fairly  accurate.  However,  the  sharp  nose  boom  on  the 
F-106  is  less  accurately  modeled,  so  actual  enhance¬ 
ments  on  the  F-106  are  likely  to  be  larger  than  the 
model  predicts. 


Hybrid  lightning:  A  third  type  of  strike  to  an  aircraft 
is  possible,  which  may  be  called  a  “hybrid”  strike  in 
that  it  is  a  combination  of  a  triggered  and  natural 
event.  A  natural  lightning  leader  channel  might  pass 
near  the  aircraft,  but  not  near  enough  for  the  distor¬ 
tion  in  the  electric  field  produced  by  the  aircraft  to 
alter  the  channel  course.  The  lightning  leader,  being 
highly  charged,  creates  in  the  space  around  it  an  in¬ 
tense  electric  field.  The  field  at  the  aircraft  might  then 
be  large  enough  to  cause  a  triggered  streamer  from  the 
aircraft.  The  streamer  would  then  certainly  propagate 
to  the  natural  channel,  becoming  a  branch  of  the  nat¬ 


ural  leader.  It  is  unclear  whether  a  strike  of  this  kind 
would  be  more  characteristic  of  a  natural  strike  or  a 
triggered  strike. 

A  simple  calculation  can  be  done  to  get  some  idea 
of  how  near  a  natural  leader  must  be  to  the  aircraft 
to  cause  a  hybrid  strike.  For  simplicity,  the  natural 
channel  will  be  assumed  to  be  vertical  and  have  a  uni¬ 
form  charge  density  per  unit  length.  Also,  steady  state 
conditions  will  be  assumed,  a  valid  assumption  since 
the  lightning  leader  propagates  so  much  slower  than 
the  velocity  of  light  that  no  retardation  effects  need 
be  considered.  The  electric  field  around  an  infinitely 
long  line  of  charge  A  per  unit  length  is  radially  directed 
and  given  by: 


where 


(3.1) 


e0  =  47r  x  10~TH/m 
r  =  radius  of  the  line  of  charge  (m). 

If  one  assumes  an  enhancement  factor  for  the  air¬ 
craft  of  about  10,  which  is  typical  around  the  nose  of 
the  F-106B  aircraft,  the  distance  at  which  triggering 
would  occur  is: 


ring  = 


2jreo(£i/10) 


(3.2) 


where  Et  is  the  air  breakdown  field.  A  typical  value 
for  A  is  5  coulombs  over  a  3  kilometer  distance  or 
1.667  x  10-3  coulombs  per  meter.  £*  varies  with 
altitude,  being  about  3  x  10®  V/m  at  sea  level  and 
about  1,5  x  10*  V/m  at  27  000  feet  .  Substituting 
these  numbers  into  the  above  equations  gives  trigger¬ 
ing  distances  of  approximately  1.00  meters  at  sea  level 
and  twice  that  at  8000  m  (27  000)  feet  altitude.  This 


is  a  significantly  greater  distance  than  the  distance  at 
which  the  presence  of  the  aircraft  can  directly  alter 
the  course  of  a  natural  lightning  channel  and  hence  a 
hybrid  flash  would  appear  much  more  likely  to  contact 
an  aircraft  than  would  a  natural  strike. 

The  region  through  which  the  passage  of  a  natural 
lightning  leader  might  be  expected  to  initiate  a  leader 
from  the  aircraft  can  be  called  the  capture  cross  sec¬ 
tion.  A  detailed  study  of  the  hybrid  lightning  process 
[3.57]  has  been  done  for  the  F-106.  Fig.  3.30  shows 
the  capture  cross  section  as  a  function  of  altitude.  The 
parameters  for  this  calculation  were  zero  net  charge  on 
the  aircraft  and  a  channel  charge  density  of  1  x  10~3 
C/m. 

The  capture  cross  section  is  also  a  function  of  air¬ 
craft  net  static  charge.  A  summary  of  this  variation  is 
shown  in  Table  3.8.  It  is  seen  that  the  cross  section  is 
on  the  order  of  104  square  meters  and  increases  with 
increasing  altitude  and  charge. 

The  capture  cross  section  can  be  combined  with 
aircraft  flight  patterns  and  the  flash  rate  density  of  a 
storm  to  obtain  the  expected  probability  of  a  strike  to 
the  aircraft.  Calculations  of  this  type  have  been  done 
to  try  to  enhance  the  probability  of  lightning  attach¬ 
ment  to  the  F-106B  research  aircraft  [3.71]. 


Table  3.8 

Mean  Capture  Crose  Section  Area  (xlO4  m3) 
v»  Altitude  and  Charge  (pC)  on  the  Alrc,sft 


Altitude  Q  m  0 

Q  m  -300 

Q  -  -000 

Q  -  -900 

Sea  level 

0.455 

0.471 

0.510 

0.370 

10  000  it 

0.830 

0.878 

1.012 

1.273 

20  000  ft 

1.501 

1.720 

2.247 

3.203 
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3.8  The  Atlas  Centaur  67  Incident 

A  significant  lightning  event  occurred  in  March, 
1987,  when  Atlas  Centaur  flight  67  was  struck  by  light¬ 
ning  during  launch,  resulting  in  loss  of  the  vehicle  and 
payload  [3.58  -  3.59].  It  was  determined  that  the 
rocket  triggered  the  strike,  evidently  when  the  vehi¬ 
cle  had  achieved  an  altitude  of  about  3500  m  (12  000 
ft).  The  flash  to  the  vehicle  was  not  seen  since  the 
vehicle  was  in  clouds,  but  a  flash  that  continued  to 
ground  near  the  launch  tower  was  seen  at  the  same 
time,  presumably  a  continuation  of  the  flash  to  the  ve¬ 
hicle.  Evidence  from  ground  based  field  mills  and  nu¬ 


merical  analysis  techniques  indicate  that  the  triggering 
field  was  on  the  order  of  50  kV/m.  Estimates  of  the 
lightning  current  amplitudes  based  on  lightning  loca¬ 
tion  system  data  and  analysis  of  the  debris  indicated 
that  the  current  level  was  probably  less  than  average. 
The  lightning  event  induced  transients  in  wiring  to  the 
flight  computer,  resulting  in  a  change  of  a  single  word 
in  the  computer  memory.  That  was  sufficient  to  cause 
the  vehicle  to  go  off  course  and  be  destroyed. 

This  lightning  event  has  created  new  interest  in 
the  lightning  community  and  has  had  significant  im¬ 
pact  on  launch  rules. 
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CHAPTER  4 


LIGHTNING  EFFECTS  ON  AIRCRAFT 


We  had  just  taken  off  from  Presque  Isle, 
Maine,  and  had  been  in  cruise  power  for  50 
minutes,  when  a  large  thunderhead  cumulus 
was  observed  directly  on  course.  Lightning 
could  be  seen  around  the  edges  and  inside  the 
thunderhead.  All  cockpit  lights  were  on  and 
the  instrument  spotlight  was  full  on,  with  the 
door  open.  I  had  just  finished  setting  the 
power  and  fuel  flows  for  each  engine.  As 
the  ship  approached  the  thunderhead,  there 
was  a  noticeable  drop  in  horsepower  and  the 
airplane  lost  from  180  MPH  airspeed  to  168 
MPH,  and  continued  to  lose  airspeed  due  to 
power  loss  as  we  approached  the  thunder¬ 
head.. .A  few  seconds  before  the  lightning  bolt 
hit  the  airplane  all  four  engines  were  silent 
and  the  propellers  were  windmilling.  Simul¬ 
taneous  with  the  flash  of  lightning,  the  en¬ 
gines  surged  with  the  original  power.  The 
lightning  flash  blinded  the  Captain  and  me 
so  severely  that  we  were  unable  to  see  for 
approximately  eight  minutes.  I  tried  several 
times  during  this  interval  to  read  cockpit  in¬ 
struments  but  it  was  impossible.  The  First 
Officer  was  called  from  the  rear  to  watch  the 
cockpit.  Of  course,  turbulent  air  currents  in¬ 
side  the  cumulus  tossed  the  ship  around  to 
such  an  extent  that,  had  the  atrplane  not 
been  on  auto-pilot  when  the  flash  occurred 
and  during  the  interval  of  blindness  by  the 
cockpit  occupants,  the  ship  could  have  easily 
gone  completely  out  of  control.  The  Captain 
and  I  discussed  the  reason  for  all  four  engines 
cutting  simultaneously  prior  to  the  lightning 
flash  and  could  not  explain  it,  except  for  the 
possibility  of  a  magnetic  potential  around  the 
cumulus  affecting  the  primary  or  secondary 
circuit  of  all  eight  magnetos  at  the  same  time. 


First  Officer  N.A.  Pierson’s  experience  on  a  flight 
from  Presque  Isle,  Maine,  to  the  Santa  Maria  Islands 
on  July  9,  1945  [4.1]. 


4.1  Introduction 

It  wasn’t  long  after  the  beginning  of  powered 
flight  that  aircraft  began  being  struck  by  lightning- 
sometimes  with  catastrophic  results.  Early  wooden 


aircraft  with  metal  control  cables  and  guy  wires  were 
not  capable  of  conducting  lightning  stroke  currents  of 
several  thousand  amperes  or  more.  Wooden  members 
and  even  the  control  cables  exploded  or  caught  fire. 
Even  if  severe  structural  damage  did  not  occur,  pilots 
were  frequently  shocked  or  burned  by  lightning  cur¬ 
rents  entering  their  hands  or  feet  via  control  pedals 
or  the  stick.  Sometimes  fuel  tanks  caught  fire  or  ex¬ 
ploded.  These  effects,  coupled  with  the  air  turbulence 
and  precipitation  also  associated  with  thunderstorms, 
quickly  taught  pilots  to  stay  clear  of  stormy  weather. 

Early  research:  With  the  advent  of  ail-metal  aircraft, 
most  of  the  catastrophic  effects  were  eliminated,  but 
thunderstorms  continued  to  be  treated  with  respect. 
Nonetheless,  because  a  few  bad  accidents  attributed  to 
lightning  strikes  continued  to  happen,  in  1938  the  Sub¬ 
committee  of  Aircraft  Safety,  Weather  and  Lightning 
Experts  was  formed  by  the  National  Advisory  Com¬ 
mittee  for  Aeronautics  (NACA)  to  study  lightning  ef¬ 
fects  on  aircraft  and  determine  what  additional  protec¬ 
tive  measures  were  needed.  Dr.  Karl  B.  McEachron, 
Director  of  Research  at  the  General  Electric  High  Volt¬ 
age  Laboratory,  was  a  key  member  of  this  commit¬ 
tee,  and  during  its  twelve  year  existence  he  performed 
the  first  man  made  lightning  tests  on  aircraft  parts. 
During  and  subsequent  to  this  period,  other  organiza¬ 
tions,  such  as  the  U.S.  National  Bureau  of  Standards, 
the  University  of  Minnesota,  and  the  Lightning  and 
Transients  Research  Institute,  also  began  to  conduct 
research  into  lightning  effects  on  aircraft. 

Direct  effects:  For  a  long  time  the  physical  damage 
effects  at  the  point  of  flash  attachment  to  the  air¬ 
craft  were  of  primary  concern.  These  included  holes 
burned  in  metallic  skins,  puncturing  or  splintering  of 
nonmetallic  structures,  and  welding  or  roughening  of 
moveable  hinges  and  bearings.  If  the  attachment  point 
was  a  wing  tip  light  or  antenna,  the  possibility  of  con¬ 
ducting  some  of  the  lightning  current  directly  into  the 
aircraft's  electrical  circuits  was  also  of  concern.  Today, 
these  and  other  physical  damage  effects  are  called  the 
direct  effects.  Since  present  day  military  and  commer¬ 
cial  aircraft  fly  IFR  (Instrument  Flight  Rules)  in  many 
kinds  of  weather,  protective  measures  against  direct  ef¬ 
fects  have  been  designed  and  incorporated  into  these 
aircraft  so  that  hazardous  consequences  of  lightning 
strikes  are  rare. 
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Indirect  effects:  In  recent  years  it  has  become  appar¬ 
ent  that  lightning  strikes  to  aircraft  may  cause  other 
effects,  or  indirect  effects,  to  equipment  located  else¬ 
where  in  the  aircraft.  For  example,  the  operation  of 
instruments  and  navigation  equipment  has  been  inter¬ 
fered  with,  and  circuit  breakers  have  popped  in  elec¬ 
tric  power  distribution  systems  when  the  aircraft  has 
been  struck  by  lightning.  The  causes  of  these  indirect 
effects  are  the  electromagnetic  fields  and  the  struc¬ 
tural  voltage  rises  associated  with  lightning  currents 
in  the  aircraft.  Even  though  metallic  skins  provide  a 
high  degree  of  electromagnetic  shielding,  some  of  these 
fields  may  penetrate  through  windows  or  seams  and  in¬ 
duce  transient  voltage  surges  in  the  aircraft’s  electrical 
wiring.  The  resistances  of  structural  joints  and  non- 
metallic  structures  permit  voltages  to  occur  between 
equipment  locations  in  the  aircraft.  These  surge  volt¬ 
ages  in  turn  may  damage  or  upset  electrical  or  elec¬ 
tronic  equipment. 

Trends  that  increase  potential  hazard:  To  date,  few 
aircraft  accidents  can  be  attributed  positively  to  the 
indirect  effects  of  lightning,  but  there  are  two  trends  in 
aircraft  design  which  threaten  to  aggravate  the  prob¬ 
lem  unless  specific  protective  methods  are  incorpo¬ 
rated  in  system  equipment  designs.  The  first  of  these 
trends  is  the  increasing  use  of  miniaturized,  solid  state 
components  in  aircraft  electronics  and  electric  power 
systems.  These  devices  are  more  efficient,  lighter  in 
weight,  and  far  more  functionally  powerful  than  their 
vacuum  tube  or  electromechanical  predecessors,  and 
they  operate  at  much  lower  voltage  and  power  levels. 
Thus,  they  are  inherently  more  sensitive  to  overvolt¬ 
age  transients,  such  as  those  produced  by  the  indirect 
effects  of  lightning. 

The  second  trend  is  the  increasing  use  of  rein¬ 
forced  plastics  and  other  nonconducting  materials  in 
place  of  aluminum  skins,  a  practice  that  reduces  the 
electromagnetic  shielding  previously  furnished  by  the 
highly  conductive  aluminum  skin.  This  reduced  shield¬ 
ing  may  greatly  increase  the  level  of  surges  induced  in 
wiring  not  protected  by  other  means.  Because  elec¬ 
tronic  systems  were  being  increasingly  depended  upon 
for  safety  of  flight,  the  National  Aeronautics  and  Space 
Administration,  the  Federal  Aviation  Aministration, 
and  the  Department  of  Defense  initiated  research  pro¬ 
grams,  beginning  in  1967,  to  learn  how  to  measure 
or  predict  the  levels  of  lightning  induced  voltageH  and 
how  to  protect  against  them.  A  considerable  amount 
of  research  has  been  conducted  since  by  government 
and  industry  organizations. 

Since  the  indirect  effects  originate  in  the  aircraft's 
electrical  wiring,  their  consequences  may  show  up  any¬ 
where  within  the  aircraft,  such  as  at  equipment  loca¬ 
tions  remote  from  the  lightning  flash  attachments.  The 


direct  effects,  on  the  other  hand,  occur  most  often  at 
or  near  the  points  of  lightning  attachment  or  within 
structures  or  fuel  tanks  that  lie  within  lightning  cur¬ 
rent  paths  between  strike  entry  or  exit  points.  This 
comparison  is  illustrated  in  Fig.  4.1, 


Before  discussing  the  techniques  for  protecting 
aircraft  against  either  type  of  lightning  effect,  it  is 
worthwhile  to  review  some  of  the  common  examples 
of  each  which  occur  on  today’s  aircraft.  The  purpose 
of  this  review  is  to  remind  the  aircraft  designer  of  ar¬ 
eas  needing  particular  attention  and  to  alert  pilots  to 
what  to  expect  when  lightning  strikes  occur  in  flight. 
Detailed  discussion  of  the  causes  of  each  effect,  includ¬ 
ing  the  lightning  flash  characteristic  most  responsible 
and  its  quantitative  relationship  to  damage  severity,  i* 
deferred  until  protective  measures  are  discussed,  be¬ 
ginning  with  Chapter  6. 

4.2  Direct  Effects  on  Metal  Structures 

Metal  structures  include  the  outer  skins  of  the  air¬ 
craft  together  with  internal  metallic  framework,  such 
as  spars,  ribs,  and  bulkheads.  Because  lightning  cur¬ 
rents  must  flow  between  lightning  entry  and  exit  points 
on  an  aircraft  and  because  these  currents  tend  to 
spread  out  as  they  flow  between  attachment  points,  us¬ 
ing  the  entire  airframe  as  a  conductor,  the  aluminum 
with  which  most  of  these  structures  are  fabricated  pro¬ 
vides  excellent  electrical  conductivity.  As  a  result,  the 
current  density  at  any  single  point  in  the  airframe  is 
rarely  sufficient  to  cause  physical  damage  between  en¬ 
try  and  exit  points.  Only  if  there  is  a  poor  electrical 
bond  (contact)  between  structural  elements  in  the  cur- 
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rent  flow  path  is  there  likely  to  be  physical  damage. 
On  the  other  hand,  where  the  currents  converge  to 
the  immediate  vicinity  of  an  entry  or  exit  point,  there 
may  be  a  sufficient  concentration  of  magnetic  force  and 
resistive  heating  to  cause  damage.  Damage  at  these 
points  is  further  compounded  by  the  arc  of  the  light¬ 
ning  channel,  from  which  intense  heat  and  blast  forces 
emanate.  Discussion  of  individual  effects  follows. 


4.2.1  Pitting  and  Meltthrough 

If  a  lightning  channel  touches  a  metal  surface  for  a 
sufficient  time,  melting  of  the  metal  will  occur  at  the 
point  of  attachment.  Common  evidences  of  this  are 
the  successive  pit  marks  often  seen  along  a  fuselage 
or  empennage,  as  shown  in  Fig.  4.2  [4.2]  or  the  holes 
burned  in  the  trailing  edges  of  wings  or  empennage 
tips,  as  shown  in  Fig.  4.3  [4.3].  Most  holes  are  melted 
in  skins  of  1  mm  (0.040”)  thick,  or  less,  except  at  trail¬ 
ing  edges,  where  the  lightning  channel  may  hang  on  for 
a  longer  time  and  enable  holes  to  be  burned  through 
much  thicker  pieces.  Since  a  relatively  large  amount 
of  time  is  needed  for  melting  to  occur,  the  continu¬ 
ing  currents  are  the  lightning  flash  components  most 
conducive  to  pitting  and  meltthrough.  Meltthrough  of 
skins  is  usually  not  a  safety-of-flight  problem  unless 
this  occurs  in  an  integral  fuel  tank  skin. 


Fig.  4.2  Successive  pit  marks  extending  aft 

from  leading  edge  of  vertical  stabilizer. 


4.2.2  Magnetic  Force 

Metal  skins  or  structures  may  also  be  deformed 
as  a  result  of  the  intense  magnetic  fields  which  ac¬ 
company  concentrated  lightning  currents  near  attach¬ 
ment  points.  It  is  well  known  that  parallel  wires  with 
current  traveling  in  the  same  direction  are  mutually 
attracted  to  each  other.  If  the  structure  near  an  at¬ 


tachment  point  is  viewed  electrically  as  being  made 
up  of  a  large  number  of  parallel  conductors  converg¬ 
ing  to  this  attachment  point,  then  as  lightning  cur¬ 
rent  flows  from  the  point,  forces  occur  which  tend  to 
draw  these  conductors  closer  together.  If  a  structure 
is  not  sufficiently  rigid,  pinching  or  crimping  may  oc¬ 
cur,  as  shown  in  Fig.  4.4  [4.4].  The  amount  of  damage 
created  is  proportional  to  the  square  of  the  lightning 
stroke  current  amplitudes  and  is  directly  proportional 
to  the  length  of  time  during  which  this  stroke  current 
flows.  Thus  the  high  amplitudes  of  return  stroke  and 
intermediate  stroke  are  the  lightning  flash  components 
most  responsible  for  magnetic  force  damage. 


Fig.  4.3  Hole  melted  in  trailing  edge 
comer  of  ventral  fin. 
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Besides  the  main  airframe,  other  parts  which  may 
be  damaged  by  magnetic  forces  include  bonding  or  di¬ 
verter  straps,  pitot  probes,  or  any  other  object  which 
may  conduct  lightning  stroke  currents.  Magnetic  force 
damage  is  usually  not,  by  itself,  significant  enough  to 
require  abortion  of  flight,  and  may  not  even  be  de¬ 
tected  until  the  aircraft  is  on  the  ground.  However, 
since  overstress  or  severe  bending  of  metals  is  involved, 
aircraft  parts  damaged  by  this  phenomenon  are  not  of¬ 
ten  repairable. 

4.2.3  Pitting  at  Structural  Interfaces 

Wherever  poor  electrical  contact  exists  between 
two  mating  surfaces,  such  as  a  control  surface  hinge 
or  bearing  across  which  lightning  currents  may  flow, 
melting  and  pitting  of  these  surfaces  may  occur.  In 
one  incident,  for  example,  the  jackscrew  of  an  inboard 
trailing  edge  flap  of  a  jet  transport  was  so  damaged  by 
a  lightning  flash  that  the  flap  could  not  be  extended 
past  15  degrees.  Since  this  jackscrew  is  located  on  the 
inboard  side  of  the  flap,  the  flash  must  have  reached 
it  after  sweeping  along  the  fuselage  from  an  earlier 
attachment  point  near  the  nose,  as  shown  on  Fig.  4.5. 
Instead  of  continuing  to  sweep  aft  along  the  fuselage, 
the  flash  apparently  hung  on  to  the  jackscrew  long 
enough  to  melt  a  spot  on  it.  The  event  did  not  cause 
difficulties  in  landing  the  aircraft,  and  the  damage,  in 
fact,  was  not  discovered  until  after  the  aircraft,  was  on 
the  ground.  The  damage  was  extensive  enough  that 
the  jackscrew  had  to  be  replaced. 

The  jackscrew  in  this  instance  was  not  an  initial 
attachment  point  and  it  became  an  attachment  point 
only  by  being  in  the  path  of  a  swept  flash.  This  in¬ 
cident  illustrates  the  fact  that  the  lightning  channels 
may  reach  seemingly  improbable  locations  on  the  sur¬ 
face  of  an  aircraft,  and  that  protection  designers  must 
look  beyond  the  obvious  lightning  attachment  points 
to  find  potential  hazards. 

A  second  illustration  of  pitting  is  the  damage 
caused  to  the  seals  of  the  hydraulic  jack  operating  the 
tail  control  surfaces  of  another  jet  transport  aircraft. 
In  this  case  the  jack  was  shunted  by  a  jumper  of  ad¬ 
equate  cross  section  to  carry  lightning  stroke  currents 
but  of  excessive  length,  which  caused  most  of  the  cur¬ 
rent  to  flow  through  the  lower  inductance  path  directly 
through  the  jack  body  and  across  the  seals,  resulting 
in  leakage  of  hydraulic  fluid. 

4.2.4  Resistive  Heating 

Another  direct  effect  is  the  resistive  heating  of 
conductors  exposed  to  lightning  currents.  When  the 
resistivity  of  a  conductor  is  too  high  or  its  cross 


sectional  area  too  low  for  adequate  current  conduc¬ 
tance,  lightning  currents  in  it  may  deposit  apprecia¬ 
ble  energy  in  the  conductor  and  cause  an  excessive 
temperature  rise.  Since  the  resistivity  of  most  met¬ 
als  increases  with  temperature  rise,  a  given  current  in 
a  heated  conductor  will  deposit  more  energy  than  it 
would  in  an  unheated,  less  resistant  conductor;  this 
process  in  turn  increases  the  conductor  temperature 
still  further.  Most  metal  structural  elements  can  toler¬ 
ate  lightning  current  without  overheating,  and  copper 
wires  of  greater  than  0.5  cm2  cross-sectional  area  can 
conduct  severe  lightning  currents  without  overheating. 
Methodology  for  determining  temperature  rises  in  con¬ 
ductors  of  specific  material  or  cross-sectional  size  is 
presented  in  Chapter  6.  A  wire  of  0.5  cm2  cross- 
sectional  area  corresponds  to  an  American  Wire  Guide 
(AWG)  No.  8  copper  wire,  as  might  be  used  for  AC 
or  DC  power  feed  conductors. 


Fig.  4.5  Swept  stroke  attachment  to  inboard 
flap  jackscrew. 


Wire  explosion:  Resistive  energy  deposition  is  propor¬ 
tional  to  the  action  integral  of  the  lightning  current 
and  for  any  conductor  there  is  an  action  integral  value 
at  which  the  metal  will  melt  and  vaporize,  as  shown 
in  Fig.  4.6.  Small  diameter  wires,  such  as  AWG  22  to 
16.  of  the  sizes  commonly  used  to  interconnect  avionic 
equipment,  or  distribute  AC  power  to  small  loads,  will 
often  melt  or  vaporize  when  subjected  to  full  ampli¬ 
tude  lightning  currents. 

Examples  of  the  damage  produced  by  explosive 
vaporization  of  conductors  are  shown  in  Figs.  4.7  and 
4.8  [4.5,  4.6).  The  damage  is  usually  most  severe  when 
the  exploding  conductor  is  within  an  enclosure,  such 
as  the  composite  wing  tips  of  Fig.  4.8,  because  then 
the  explosion  energy  is  contained  until  the  pressure  has 
built  up  to  a  level  sufficient  to  rupture  the  container. 
Partly,  the  damage  results  because  the  chemical  en- 
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ergy  of  combustion  of  the  wire  is  released  as  it  burns, 
and  this  adds  to  the  energy  deposited  by  the  lightning 
current. 


(AMMM'-MCONOS) 


Fig.  4.6  (Ampere  squared-seconds)  vs  temperature 
rise  in  a  conductor. 

Exposure  of  the  wiring:  In  most  cases,  such  wiring  is 
installed  within  conducting  airfarames  and  so  is  not  ex¬ 
posed  to  major  amounts  of  the  lightning  current.  Some 
exceptions  occur,  however,  such  as  a  wiring  harness 


feeding  a  wingtip  navigation  light  installed  on  a  non— 
conductive,  fiberglass  wing  tip  that  is  not  protected 
with  protective  coatings  or  other  paths  for  lightning 
current.  In  such  cases,  lightning  strikes  to  the  nav¬ 
igation  light  vaporize  and  explode  the  wire  harness, 
thus  allowing  the  lightning  current  path  to  exist  in 
plasma  form  within  the  wing  tip.  The  accompanying 
shock  wave  can  do  extensive  damage  to  the  enclos¬ 
ing  and  adjacent  structures,  as  illustrated  in  Fig.  4.7, 
which  shows  the  remnants  of  a  radome  which  enclosed 
a  small  diameter  wiring  harnesss  feeding  power  to  a 
pitot  probe  or  heater. 

Exploding  wire  harnesses  are  one  of  the  most  com¬ 
mon  and  damaging  lightning  effects.  They  have,  as  far 
as  is  known,  not  had  catastrophic  consequences  be¬ 
cause  these  harnesses  are  usually  found  in  secondary 
structures  that  are  not  Sight  critical.  There  is  no  rea¬ 
son,  however,  to  allow  these  situations  to  persist  be¬ 
cause  protection  is  easily  applied,  as  will  be  described 
in  Chapter  6.  Such  protection  can  also  minimize  the 
possibility  of  conducting  lightning  current  surges  into 
power  distribution  or  avionic  systems. 


Fig.  4.7  Lightning  damage  to  radome-probably  as  a  result 
of  exploding  p’tot  tube  ground  wire. 
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Fig.  4.S  Damaged  wing  tip  structures  due  to  exploding  navigation  light  wire  harnesses. 

(a)  Left  wing  tip,  showing  overpressure  damage  to  aluminum  outer  wing 

(b)  right  wing  tip.  showing  similar  overpressure  damage  to  outer  wing 
(Note  1)  Both  fiberglass  wingtips  were  destroyed  by  the  strike  in  flight. 

(Note  2)  Flash  entered  at  one  wing  tip  and  exited  from  the  other. 


4.2.5  Shock  Wave  and  Overpressure 

When  a  lightning  stroke  current  flows  in  an  ion¬ 
ized  leader  channel,  ns  when  the  first  return  stroke 
occurs,  a  large  amount  of  energy  is  delivered  to  the 
channel  in  5  to  10  microseconds,  causing  the  channel 
to  expand  with  supersonic  speed.  Its  temperature  has 
been  measured  by  spectroscope  techniques  to  be  30  000 
degrees  K  and  the  channel  pressure  (before  expansion) 
about  10  atmospheres  [4.7).  When  the  supersonic  ex 
pansion  is  complete,  the  channel  diameter  is  several 
centimeters  and  the  channel  pressure  is  in  equilibrium 
with  the  surrounding  air.  Later,  the  channel  continues 
to  expand  more  slowly  to  the  equilibrium  situation  of 
a  stable  arc.  The  cylindrical  shock  wave  propagates 
tadially  outward  from  the  center  of  the  channel,  and, 
if  a  hard  surface  is  intercepted,  the  kinetic  energy  in 


the  shock  wave  is  transformed  into  a  pressure  rise  over 
and  above  that  in  the  shock  wave  itself.  This  results 
in  a  total  overpressure  of  several  times  that  in  the  free 
shock  wave  at  the  surface. 

Depending  on  the  distance  of  the  channel  from  the 
aircraft  surface,  overpressures  ran  range  tip  to  several 
hundred  atmospheres  at  the  surface,  resulting  in  im¬ 
plosion  type  damage,  such  as  that  shown  in  Fig.  4.9 
[4.8],  The  lightning  channel  does  not  have  to  con¬ 
tact  the  damaged  surface,  but  may  simply  be  swept 
alongside  it,  as  was  evident  in  the  caw  shown  in  Fig. 
4.9.  Apparently  a  return  stroke  or  restrike  occurred  as 
the  tip  of  the  propeller  passed  just  below  the  leading 
edge  of  the  wing,  positioning  a  cylindtical  shock  wave 
horizontally  beneath  the  wing,  as  in  Fig.  4.10.  This 
hypothesis  by  Hacker  [4.9]  is  supported  by  scorching 
of  the  paint  on  the  imploded  panels,  an  indication  of 
a  nearby  heat  source. 


Fig.  4.9  Implosion  damage  from  lightning  flash  overpressure. 
Flash  swept  aft  beneath  wing  from  propeller. 


Fig.  4.10 


Orientation  of  lightning  path  and  shock 
wave  with  respect  to  lower  side  of  aircraft 
wing  Bhown  in  Fig.  4.9. 

(a)  Chordwise  plane 

(b)  Fore- aft  plane:  perpendicular  to 
lightning  path  at  point  P  of  part  (a). 


Other  examples  of  shock  wave  implosion  dam¬ 
age  include  cracked  or  shattered  windshields  and  nav¬ 
igation  light  globes.  Modern  windshields,  especially 
those  aboard  transport  aircraft,  are  of  laminated  con¬ 
struction  and  evidently  of  sufficient  strength  to  have 
avoided  being  completely  broken  by  shockwaves  and 
overpressures.  Broken  windshields  resulting  from  a 
lightning  strike,  however,  are  considered  a  possible 
cause  of  the  crash  of  at  least  one  propeller  driven  air¬ 
craft  [4.10], 

4.3  Direct  Effects  on  Nonmetallic 
Structures 

Early  aircraft  of  wood  and  fabric  construction 
would  probably  have  suffered  more  catastrophic  dam¬ 
age  from  lightning  strikes  had  it  not  been  for  the  fact 
that  these  aircraft  were  rarely  flown  in  weather  con¬ 
ducive  to  lightning.  The  all-aluminum  aircraft  which 
followed  were  able  to  fly  in  or  near  adverse  weather  and 
receive  strikes,  but  because  aluminum  is  an  excellent 
electrical  conductor,  severe  or  catastrophic  damage 
from  lightning  was  rare.  There  is  a  trend  again,  how¬ 
ever,  toward  use  of  nonmetallic  materials  in  aircraft 
construction.  These  include  fiber  reinforced  plastics 
and  polycarbonate  resins,  which  offer  improvement  in 
cost  and  performance. 
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Non-conducting  composites:  Some  of  these  mate¬ 
rials  have  begun  to  replace  aluminum  in  secondary 
structures,  such  as  nose,  wing  and  empennage  tips,  tail 
cones,  wing-body  fairings  and  control  surfaces,  and  on 
several  occasions  the  entire  aircraft  has  been  fabricated 
of  fiber  reinforced  composites. 

Often  the  nonmetallic  material  is  used  to  cover  a 
metallic  object,  such  as  a  radar  antenna.  If  this  cov¬ 
ering  material  is  nonconducting,  such  as  is  the  case 
with  fiberglass,  electric  fields  may  penetrate  it  and 
initiate  streamers  from  metallic  objects  inside.  These 
streamers  may  puncture  the  nonmetallic  material  as 
they  propagate  outward  to  meet  an  oncoming  light¬ 
ning  leader.  This  puncture  begins  as  a  pinhole,  but, 
as  soon  as  stroke  currents  and  accompanying  blast  and 
shock  waves  follow,  much  more  damage  occurs. 

An  example  of  a  puncture  of  a  fiberglass  honey¬ 
comb  radome  is  shown  on  Fig.  4.11  [4.11].  In  this  case 
a  streamer  evidently  propagated  from  the  radar  dish 
or  some  other  conductive  object  inside  the  radome, 
puncturing  the  fiberglass-honeycomb  wall  and  rubber 
erosion  protection  boot  on  its  way  to  meet  an  oncom¬ 
ing  lightning  leader.  Most  of  the  visible  damage  was 
done  by  the  ensuing  stroke  current. 


Conductive  composites:  Plastics  reinforced  with  car¬ 
bon  or  boron  fibers  do  have  some  electrical  conductiv¬ 
ity,  and,  because  of  this,  their  behavior  with  respect  to 
lightning  is  considerably  different  from  that  of  noncon- 
ductive  materials.  Carbon  fiber  composites  (CFC)  are 
employed  extensively  in  secondary  structural  applica¬ 
tions  and  occasionally  in  primary  structures  as  well. 

Boron  reinforced  composites  were  the  subject  of 
extensive  development  efforts  in  the  1970’s,  but  failed 
to  find  applications  in  airframe  design  and,  with  a  few 
exceptions,  have  disappeared  from  use. 

To  date,  most  CFC  materials  in  lightning  strike 
zones  have  been  provided  with  suitable  protection 
from  lightning  strike  effects.  Some  in-flight  lightning 
strikes  have  occurred,  with  superficial  damage  that  has 
not  become  a  flight  safety  hazard. 

Simulated  lightning  tests  which  have  been  per¬ 
formed  on  CFC  materials  in  the  laboratory,  however, 
have  shown  that  unprotected  composites  may  be  dam¬ 
aged.  The  lightning  damage  is  due  to  resistive  heating 
of  the  carbon  fibers,  which  vaporizes  and  ignites  the 
binding  resin  and  leaves  the  fibers  in  disarray,  as  shown 
in  Fig.  4.12.  Further  damage  results  from  the  shock 
wave  that  accompanies  the  return  stroke  currents,  and 


Fig.  4.11  Puncture  of  a  fiberglass-honeycomb  radome. 
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this  shock  wave  may  crack  thin  CFC  laminates.  Unlike 
most  aluminum  alloys,  which  axe  ductile  and  will  de¬ 
form,  but  not  break,  CFC  materials  are  stiff  and  may 
shatter.  Fig.  4.13  shows  the  back  sides  of  two  test 
panels,  one  of  aluminum  and  one  of  unprotected  CFC, 
both  of  which  had  been  subjected  to  the  same  simu¬ 
lated  lightning  test.  The  metal  panel  was  only  dented, 
but  the  CFC  panel  was  badly  broken. 


Other  plastics:  Transparent  acrylics  or  polycarbonate 
resins  are  often  utilized  for  canopies  and  windshields. 
These  materials  are  usually  found  in  Zone  1  or  Zone  2 
locations,  where  lightning  flashes  may  attach  or  sweep 
by.  Most  of  the  polycarbonates  are  very  good  insula¬ 
tors,  however,  and  so  will  successfully  resist  punctures 
by  lightning  or  streamers.  The  electric  field  will  pene¬ 
trate  them  and  induce  streamers  from  conducting  ob¬ 
jects  inside,  but  these  streamers  are  not  usually  able 
to  puncture  a  polycarbonate. 

Fighter  pilots  beneath  polycarbonate  canopies 
have  often  reported  electric  shocks  indicative  of  stream- 
ering  off  their  helmets,  but  the  current  levels  involved 
have  not  been  harmful  because  the  streamers  have  not 
come  in  direct  contact  with  the  lightning  flash.  Lead¬ 
ers  approaching  the  outside  of  a  canopy  travel  along 
its  surface  to  reach  a  metallic  skin,  or  those  initially 
attached  to  a  forward  metal  frame  may  be  swept  aft 
over  a  canopy  until  they  reattach  to  an  aft  metallic 
point.  Sometimes  this  occurrence  will  leave  a  scorched 
path  across  the  canopy,  as  shown  in  Fig.  4.14  [4.12]. 
Scorches  like  this  can  usually  be  polished  away. 


BEFORE 

Fig.  4.12  Typical  lightning  stroke  current 
damage  to  CFC  skin  material. 


Electric  shock  and  flash  olindness:  While  harmless  to 
a  canopy  itself,  flashes  passing  just  outside  frequently 
cause  electric  shock  or  flash  blindness  to  the  pilot.  In 
at  least  one  case  shock  or  blindness  to  the  pilot  caused 
him  to  lose  control  of  the  aircraft  at  low  altitude  and 
resulted  in  a  fatal  accident. 


Fig.  4.13  Comparison  of  damage  to  different  materials. 

(a)  Aluminum  panel  (b)  CFC  panel 
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Fig.  4.14  Evidence  of  lightning  attachment  to 

canopy  fastener  and  scorching  of  canopy. 


In  addition  to  the  direct  effects  described  in  the 
preceding  paragraphs,  replacement,  of  metallic  skins 
with  nonmetallie  materials  removes  the  inherent  pro¬ 
tection  against  electromagnetic  field  penetration  that 
is  an  important  by  product  of  aluminum  skins.  Elec¬ 
trical  wiring  and  electronic  components  enclosed  in¬ 
side  nonmetallie  skins  are  therefore  likely  to  be  much 
more  susceptible  to  the  indirect  effects  of  lightning 
than  those  inside  metallic  skins  unless  specific  mea¬ 
sures  are  taken  to  reduce  this  susceptibility. 

1R  voltage*:  Airframes  fabricated  of  CFC  also  have 
substantially  more  resistance  than  do  aluminum  air¬ 
frames,  and  large  potential  differences,  called  IT?  volt¬ 
ages  may  arise*  between  various  locations  in  an  air¬ 
frame,  contributing  bother  to  indirect  effects  on  elec¬ 
trical  an«l  avionic  systems,  A  further  description  of 
indirect  effects  is  found  in  tj4."  ami  discussions  of  ba¬ 
sic  mechanisms  are  provided  in  Chapter  8. 

4.4  Direct  Effects  on  Fuel  Systems 

Aircraft  fuel  systems  represent  one  of  the  most 
critical  lightning  hazards  to  flight  safety.  An  electric 


arc  conducting  only  one  ampere  or  so  of  current  is 
sufficient  to  ignite  flammable  hydrocarbon  fuel  vapor, 
yet  lightning  flashes  inject  may  inject  thousands  of  am¬ 
peres  of  current  into  an  aircraft. 

There  are  several  dozen  civil  and  military  air¬ 
craft  accidents  on  record  which  have  been  attributed 
to  lightning  ignition  of  fuel.  Examples  are  discussed 
in  (4,13]  and  [4.14],  Although  the  exact  source  of  igni¬ 
tion  in  each  case  remains  obscure,  the  most  likely  pos¬ 
sibility  is  that  electrical  arcing  or  sparking  occurred 
at  some  structural  joint  or  plumbing  device  not  inten¬ 
tionally  designed  to  conduct  electric  currents.  Some 
accidents  have  been  attributed  to  lightning  ignition  of 
fuel  vapors  exiting  from  vent  outlets,  but  this  has  never 
been  positively  established. 

In  addition  to  the  direct  effects  described  above, 
there  an*  several  instances  in  which  indirect  effects 
have  evidently  accounted  for  ignition  of  fuel.  Light¬ 
ning  induced  voltages  in  aircraft  electrical  wiring  are 
believed  to  have  resulted  in  sparks,  for  example,  across 
a  capacitance  type  fuel  probe  or  some  other  electri¬ 
cal  object  inside  fuel  tanks  of  several  military  aircraft  , 
resulting  in  loss  of  external  tanks  in  some  ,„>es  and 
the  entire  aircraft  in  others.  Capacitance  type  fuel 
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p4oo  a..“  lie  io  p.  '  h  occurrences,  and 

laboratory  tests  [4.15]  have  snown  that  the  voltage  re¬ 
quired  to  spark  a  typical  capacitance  type  probe  is 
many  times  greater  than  that  induced  in  fuel  gauge  cir¬ 
cuits  by  lightning.  However,  other  situations  involving 
unenclosed  circuits,  such  as  externally  mounted  fuel 
tanks,  exist  wherein  induced  voltages  may  be  much 
higher  than  those  found  in  circuits  completely  enclosed 
by  an  airframe. 

Outcome  of  research:  The  accidents  referenced  above 
prompted  extensive  research  into  the  lightning  ef¬ 
fects  on  and  protection  of  aircraft  fuel  systems.  Im¬ 
proved  bonding,  lightning  protected  filler  caps  and 
access  doors,  active  and  passive  vent  fiame  suppres¬ 
sion  devices,  fiame  retardant  foams,  and  safer  (i.e., 
less  flammable)  fuels  are  examples  of  developments 
which  have  resulted  from  this  research.  In  addition, 
FAA  airworthiness  requirements  now  focus  attention 
on  lightning  protection  for  aircraft  fuel  systems,  as 
noted  in  Chapter  5.  As  a  result  of  these  safety  mea¬ 
sures,  lightning  strikes  have  presented  fewer  hazards 
to  the  fuel  systems  aboard  modern  transport  aircraft 
than  to  those  of  older  aircraft,  and  properly  certified 
aircraft  may  expect  to  experience  lightning  strikes  with 
no  adverse  effects  on  fuel  systems.  Continued  changes 
in  airframe  designs  and  materials,  however,  make  it 
mandatory  that  care  and  diligence  in  fuel  system  light¬ 
ning  protection  not  be  relaxed  in  the  future. 

4.5  Direct  Effects  on  Electrical  Systems 

If  an  externally  mounted  electrical  apparatus, 
such  as  a  navigation  lamp  or  antenna,  happens  to  be 
at  a  lightning  attachment  point,  protective  globes  or 
fairings  may  shatter  and  permit  some  of  the  lightning 
current  to  enter  associated  electrical  wiring  directly. 

In  the  case  of  a  wing  tip  navigation  light,  for  ex¬ 
ample,  lightning  may  shatter  the  protective  globe  and 
light  bulb.  This  may  in  turn  allow  the  lightning  chan¬ 
nel  to  contact  the  bulb  filament  so  that  lightning  cur¬ 
rents  may  flow  into  the  electrical  wires  running  from 
the  bulb  to  the  power  distribution  bus.  Even  if  only  a 
fraction  of  the  total  lightning  current  enters  the  wires, 
they  may  be  too  small  to  conduct  the  thousands  of  am¬ 
peres  involved  and  thus  will  be  melted  or  vaporized, 
as  described  in  §4.2. 

The  accompanying  voltage  surge  may  cause  break¬ 
down  of  insulation  or  damage  to  other  electrical  equip¬ 
ment  powered  from  the  same  source.  At  best,  the 
initial  component  affected  is  disabled,  and,  at  worst, 
enough  other  electrical  apparatus  is  disabled  along 
®it’  to  impair  flight  safety.  There  are  many  exam- 
is  effect,  involving  both  military  and  civil  air¬ 


craft.  Externally  mounted  hardware  most  frequently 
involved  includes  navigation  lights,  antennas,  wind¬ 
shield  heaters,  pitot  probe  heaters,  and,  in  earlier  days, 
the  trailing  long  wire  antennas  that  were  deploy-  d  in 
flight  for  high  frequency  radio  communications.  The 
latter  were  quite  susceptible  to  lightning  strikes,  and, 
since  these  wires  were  too  thin  to  conduct  the  light¬ 
ning  currents,  they  were  frequently  burned  away.  The 
high  frequency  radio  sets  feeding  these  antennas  were 
also  frequently  damaged,  and  cockpit  fires  were  not 
uncommon. 

Illustration  of  damage:  Damage  may  be  increased 
when  an  electrical  assembly  is  mounted  on  nonmetal- 
lic  portions  of  the  airframe  because  some  lightning  cur¬ 
rent  may  have  to  use  the  assembly  ground  wire  as  a 
path  to  the  main  airframe,  as  described  in  §4.2.  That 
the  resulting  damage  can  be  extensive  is  exemplified  by 
a  strike  to  a  small  single  engine  aircraft  with  fiberglass 
wing  tips  which  included  fuel  tanks,  the  type  pictured 
in  Fig.  4.15. 

The  details  of  this  incident  [4.15,  4.16]  will  illus¬ 
trate  several  of  the  strike  effects  described  in  this  sec¬ 
tion. 

This  aircraft,  flying  at  about  900  m  (3000  ft),  was 
experiencing  light  rain  and  moderate  turbulence  when 
it  was  struck  by  lightning.  The  pilots  had  seen  other 
lightning  flashes  in  the  vicinity  before  their  aircraft 
was  struck,  and  embedded  thunderstorms  had  been 
forecast  enroute,  but  there  had  been  no  cells  visible 
on  the  air  traffic  control  (ATC)  radar  being  used  to 
vector  the  aircraft,  which  had  no  weather  radar  of  its 
own. 

The  strike  entered  one  wing  tip  and  exited  from 
the  other.  It  sounded  to  the  pilot  reporting  like  a  rifle 
going  off  in  the  cabin,  and  the  cabin  immediately  filled 
with  smoke.  Other  effects  follow. 

1.  The  No.l  VHF  communication  set  burned  out. 

2.  Seventy  five  percent  of  the  circuit  breakers  were 
tripped,  of  which  only  50%  could  be  reset  later. 

3.  The  left  wing  tip  fuel  tank  quantity  indicator  was 
disabled. 

4.  The  right  main  fuel  tank  quantity  indicator  was 
badly  damaged 

5.  Several  instrument  lights  were  burned  out. 

6.  The  navigation  light  switch  and  all  the  lights  were 
burned  out. 

The  aircraft,  nevertheless,  was  able  to  land  at  a 
nearby  airport.  Subsequent  inspection  showed  exten¬ 
sive  damage  to  the  right  and  left  wing  tips  and  to  their 
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electrical  wiring.  The  attachment  points  and  direct  ef¬ 
fects  are  pictured  in  Fig.  4.16(a)  through  (f)  [4.16]  and 
are  represented  by  a  diagram  in  Fig.  4.17. 

Sequence  of  events:  The  evidence  suggests  that  the 
flash  included  two  or  more  strokes  separated  by  a  few 
milliseconds  of  continuing  current.  Assuming,  for  pur¬ 
poses  of  explanation,  that  the  original  lightning  flash 
approached  the  right  wing  tip,  the  probable  sequence 
of  events  was  as  follows:  the  initial  point  of  attachment 
was  the  right  wing  tip  navigation  light  housing,  Fig. 

The  current  exploded  the  sender  unit  ground  wire 
but  not  the  heavier  filler  cap  ground  braid,  which  was 
only  frayed  Sparks  undoubtedly  occurred  inside  the 
fuel  tank  along  the  ground  braid  and  between  the  filler 
cap  and  its  receptacle,  but  the  fuel-air  mixture  in  the 
ullage  of  these  half  full  tanks  was  probably  too  rich  to 
support  ignition. 

4.16(a).  Current  from  this  stroke  entered  the  housing 
ground  wire  and  exploded  both  sections  of  it  on  the 
way  to  the  right  outboard  metallic  rib,  as  evidenced  by 
the  absence  of  these  wires  and  the  blackened  interior 
shown  in  Fig.  4.16(b).  Current  continued  through  the 
airframe  to  the  left  outboard  rib  and  out  the  sender 
unit  ground  wire  to  the  sender  unit,  the  base  of  which 
is  shown  in  Fig.  4.16(c).  From  there,  the  current  fol¬ 
lowed  the  filler  gap  ground  braid  and  exited  the  air¬ 
craft  at  the  filler  cap,  Fig.  4.16(d). 


Blast  forces  from  stroke  No.l  at  the  right  naviga¬ 
tion  light  housing  also  shattered  the  lamp  globe  and 
bulb,  as  shown  in  Fig.  4.16(a).  This  shattering  allowed 
a  portion  of  the  first  stroke  current  to  enter  the  right 
navigation  light  power  wire,  exploding  it  between  the 
lamp  and  the  outer  rib,  where  the  current  jumped  to 
the  rib  and  continued  through  the  rest  of  the  airframe 
to  the  left  sender  unit  ground  wire. 

Lightning  current  flowing  in  the  navigation  lamp 
power  wire  elevated  its  voltage  to  several  thousand 
volts  with  respect  to  the  airframe,  a  voltage  high 
enough  to  break  down  the  insulation  at  the  outer  rib 
feed  through  point,  as  shown  in  Fig.  4.17.  Until  break¬ 
down  occurred  here,  a  few  microseconds  after  the  first 
stroke  began,  the  wire  was  at  sufficiently  high  volt¬ 
age  to  break  down  the  insulation  to  the  neighboring 
sender  wire.  This  breakdown  occurred  all  along  the 
wire  inside  the  right  wing.  The  portion  of  the  current 
arcing  into  the  sender  wire  caused  a  large  voltage  to 
build  up  across  the  right  wing  tip  fuel  gauge  magnet 
inductance,  to  which  this  wire  connects.  This  voltage 
in  turn  sparked  over  the  gap  between  the  gauge  termi¬ 
nal  and  the  nearest  grounded  housing  wall,  the  arcing 
badly  damaging  the  gauge  unit.  While  the  navigation 
light  power  wire  was  also  exploded,  it  is  probable  that 
this  did  not  occur  until  the  second  stroke. 


NAVIGATION  LIGHT 


Fig.  4.15  General  aviation  aircraft  with  plastic  wing  tips. 
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Fit;.  4.10  Attachment  points  and  direct 
effects  oil  plastic  wing  t ips. 


Since  the  aircraft  was  moving  forward,  tin-  entry 
arid  exit  points  of  the  second  stroke  wore  farther  aft 
on  both  wing  tips  than  the  points  of  the  first  stroke. 
Since  no  other  metallic  components  were  present  aft 
of  the  first  stroke  entry  point  on  the  right  wing  tip. 
the  second  stroke  punctured  a  hole  in  the  fiberglass 
trailing  edge  and  contacted  the  metallic  outboard  rib. 
as  shown  in  Fig.  4.10(e).  As  shown  in  Fig.  4.17.  cm 
rent  from  this  stroke  proceeded  through  the  airframe 


to  the  left  wing  t ip.  where  by  this  time  the  stroke  had 
swept  aft  adjacent  to  the  navigation  lamp,  shown  in 
Fig.  4.10(f).  from  which  point  the  stroke  current  ex¬ 
ited.  Current  from  stroke  No. 2  thus  probably  arced  be 
tween  thi'  left  outer  rib  to  the  navigation  lamp  power 
wire  (the  ground  wire  having  been  vaporized  by  the 
first  stroke),  which  it  followed  to  the  lamp  housing. 
The  power  wire  was  vaporized  by  the  second  stroke 
current  flowing  in  it . 
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Fig.  4.17  Plastic  wing  tips  and  associated  electric  circuits  and 
locations  of  lightning  effects. 


Both  left  and  right  navigation  lamp  power  wires 
were  connected  together  in  the  cabin  and  to  both  the 
12  V  dc  bus  and  the  tail  light.  The  voltage  and  current 
surges  which  entered  the  lamp  power  wires  inboard  of 
the  outer  rib  feedthroughs  were  also  conducted  to  the 
tail  light,  burning  it  out,  and  to  the  12  Vdc  bus.  The 
surge  on  the  bus,  of  course,  was  immediately  imposed 
on  all  of  the  other  electrical  equipment  powered  from 
this  bus,  or  a 11  of  the  electrical  equipment  in  this  air¬ 
craft.  Arcing  undoubtedly  occurred  in  a  number  of 
components,  causing  circuit  breakers  to  trip.  Because 
circuit  breakers,  however,  react  much  too  slowly  to 
prevent  passage  of  a  lightning  surge,  at  least  one  piece 
of  equipment  (the  No.l  VHF  communication  set)  and 
several  instrument  lamps  were  burned  out. 

Similar  incidents:  There  have  been  lots  of  similar  inci¬ 
dents  [4.17,  4.18],  and  together  these  have  stimulated 
the  design  and  verification  measures  [4.19]  for  general 
aviation  aircraft  with  fiberglass  components  such  as 


these  wing  tip  fuel  tanks.  Many  of  these  aircraft,  how¬ 
ever,  are  still  flying  without  adequate  protection. 

The  foregoing  incident  is  an  example  of  how  a 
change  in  materials  can  increase  the  vulnerability  not 
only  of  the  airframe  but  also  of  other  systems  which 
previously  had  the  inherent  protection  of  conventional 
aluminum  skins.  The  lightweight  lamp  and  sender  unit 
electrical  wires  were  auite  adeauate  for  an  installation 
in  which  a  metal  skin  was  available  to  carry  away  light¬ 
ning  currents,  but  they  are  woefully  inadequate  when 
used  unmodified  inside  a  plastic  wing  tip,  where  they 
become  the  only  conducting  path  available  to  lightning 
currents  trying  to  enter  the  main  airframe. 

4.6  Direct  Effects  on  Propulsion  Systems 

With  the  exception  of  a  few  incidents  of  tempo¬ 
rary  malfunction  similar  to  the  incident  reported  in 
the  introduction  to  this  chapter,  there  have  been  no 
reports  of  adverse  lightning  effects  on  reciprocating  en- 
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gines.  Metal  propellers  and  spinners  have  been  struck 
frequently,  of  course,  but  effects  have  been  limited  to 
pitting  of  blades  or  burning  of  small  holes  in  spinners, 
as  shown  in  Figs.  4.18  and  4.19  (4.20,  4.21].  Lightning 
currents  must  flow  through  propeller  blade  and  engine 
shaft  bearings,  but  these  are  massive  enough  to  carry 
these  currents  with  no  harmful  effects.  Wooden  pro¬ 
pellers,  especially  ones  without  metal  leading  edges, 
could  probably  undergo  more  damage,  but  these  are 
seldom  used  on  aircraft  which  fly  in  weather  condi¬ 
tions  where  lightning  strikes  occur. 


Turbina  stalls:  Reported  lightning  effects  on  turbo¬ 
jet  engines  show  that  these  effects  also  are  limited  to 
temporary  interference  with  engine  operation.  Flame- 
outs,  compressor  stalls,  and  roll-backs  (reduction  in 
turbine  rpm)  have  been  reported  after  lightning  strikes 
to  aircraft  with  fuselage  mounted  engines.  This  type 
includes  military  aircraft  with  internally  mounted  en¬ 
gines  and  fuselage  air  intakes,  or  other  military  and 
civil  aircraft  with  engines  externally  mounted  on  the 
fuselage. 

There  have  been  no  attempts  to  duplicate  engine 
flameouts  or  stall  with  simulated  lightning  in  a  ground 
test,  and  there  has  been  no  other  qualitative  analysis 
of  the  interference  mechanism;  however,  it  is  gener- 


Fig.  4.18  Lightning  strike  damage  to  a  propeller. 


ally  believed  that  these  events  result  from  disruption 
of  the  inlet  air  by  the  shock  wave  associated  with  the 
lightning  channel  sweeping  aft  along  a  fuselage.  This 
channel  may  indeed  pass  close  in  front  of  an  engine  in¬ 
take,  and  if  a  restrike  occurs,  the  accompanying  shock 
wave  is  considered  sufficient  to  disrupt  engine  opera¬ 
tion.  The  steep  temperature  gradient  may  also  be  im¬ 
portant.  These  effects  have  been  reported  as  occurring 
more  often  on  smaller  military  or  business  jet  aircraft 
than  on  larger  transport  aircraft.  Thus,  smaller  en¬ 
gines  are  probably  more  susceptible  to  disrupted  inlet 
air  than  are  their  larger  counterparts. 

Operational  aspects:  In  some  cases  a  complete  flame- 
out  of  the  engine  results,  whiie  in  others  there  is  only  a 
stall  or  roll-back.  There  is  no  case  on  record,  however, 
in  which  a  successful  restart  or  recovery  of  the  engine 
to  full  power  was  not  made  while  still  in  flight.  Perhaps 
because  of  this,  together  with  the  impracticaiity  of  a 
laboratory  simulation,  there  has  been  little  research 
into  the  problem.  Nevertheless,  operators  of  aircraft 
with  engines  or  inlets  close  to  the  fuselage  should  antic¬ 
ipate  possible  loss  of  power  in  the  event  of  a  lightning 
strike  and  be  prepared  to  take  quick  corrective  action. 

There  have  been  only  a  few  reports  of  lightning  ef¬ 
fects  on  wing  mounted  turbojet  engines,  since  these  are 
usually  large  engines  in  which  the  shock  wave  from  a 
lightning  flash  is  probably  inadequate  to  noticably  dis¬ 
rupt  inlet  air  flow.  There  are  no  reports  of  power  loss 
of  turboprop  engines  as  a  result  of  lightning  strikes. 


Fig.  4.19  Lightning  strike  damage  to  a  spinner. 
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4.7  Indirect  Effects 

Even  if  the  lightning  flash  does  not  directly  con¬ 
tact  the  aircraft’s  electrical  wiring,  strikes  to  the  air¬ 
frame  are  capable  of  inducing  voltage  and  current 
surges  in  this  wiring. 

Upset  or  damage  of  electrical  equipment  by  these 
induced  voltages  is  defined  as  an  indirect  effect.  Indi¬ 
rect  effects  must  be  considered  along  with  direct  effects 
in  assessing  the  vulnerability  of  aircraft  electrical  and 
electronics  systems.  Flight  critical  systems  such  as  the 
full  authority  engine  control  system  illustrated  in  Fig. 
4.20  are  potentially  susceptible  to  indirect  effects,  and 
careful  attention  must  be  given  to  protection  design 
and  verification. 

Reports:  Until  the  advent  of  solid  state  electronics 
in  aircraft,  indirect  effects  from  external  environments 
such  as  lightning  and  precipitation  static  were  not 
much  of  a  problem  and  received  relatively  little  atten¬ 
tion.  There  is  increasing  evidence,  however,  of  trou¬ 
blesome  indirect  effects.  Incidents  of  upset  or  damage 
to  avionic  or  electrical  systems  are  showing  up  in  air¬ 
line  lightning  strike  reports.  Table  4. 1  summarizes  the 
reports  of  interference  or  outage  of  avionic  or  electrical 
equipment  reported  by  a  group  of  U.S.  airlines  for  the 
period  1971  to  1984  [4.22]. 


Table  4.1  EVIDENCE  OF  INDIRECT  EFFECTS  IN 
COMMERCIAL  AIRCRAFT 
(214itrlkea) 


Interference 

Outage 

HF  communication  set 

- 

3 

VHF  communication  set 

27 

3 

VOR  receiver 

S 

2 

Compare  (all  types) 

22 

9 

Marker  beacon 

- 

2 

Weather  radar 

3 

2 

Instrument  landing  system 

6 

- 

Automatic  direction  finder 

6 

7 

Radar  altimeter 

6 

- 

Fuel  flow  gauge 

2 

- 

Fuel  quantity  gauge 

1 

Engine  rpm  gauges 

4 

Engine  exhaust  gas  temperature 

- 

2 

Static  air  temperature  gauge 

1 

Windshield  heater 

- 

2 

Flight  director  computer 

1 

Navigation  light 

- 

1 

ac  generator  trlpoff 

(6  instances 
of  tripoff) 

Autopilot 

I 

— 

The  incidents  reported  in  Table  4.1  occurred  in 
20%  of  the  total  of  851  lightning  strike  incidents  re¬ 
ported  during  the  period.  U.S.  military  aircraft  have 


had  similar  experience.  This  experience  is  probably  a 
result  of  the  increasing  sensitivity  of  miniaturized  solid 
state  electronics  to  transient  voltages,  a  trend  which 
necessarily  would  not  have  posed  a  problem  in  older, 
less  sophisticated  equipment.  In  any  one  incident,  only 
a  few  electronic  components  are  affected;  others  are 
not.  Yet  lightning  induced  voltages  actually  occur  in 
all  aircraft  electric  wiring  at  once.  Thus  it  is  evident 
that  surges  reach  higher  values  in  some  circuits  than 
in  others  or  that  some  electronics  are  less  tolerant  of 
such  surges  than  others. 

Trends:  While  indirect  effects  have  not  historically 
been  a  major  safety  hazard,  there  are  four  trends  in 
aircraft  design  and  operations  which  could  increase  the 
potential  problem.  These  include  the  following: 

1 .  Increasing  use  of  composite  structures  in  place  of 
aluminum. 

2.  Further  miniaturization  of  solid  state  electronics 

3.  Greater  dependence  on  electronics  to  perform 
flight  critical  functions 

4.  Greater  congestion  in  terminal  airways,  requir¬ 
ing  more  frequent  flight  through  adverse  weather 
conditions  at  altitudes  where  lightning  strikes  fre¬ 
quently  occur. 

Consequences:  One  of  the  consequences  of  these 
trends  is  that  protective  measures  which  in  older  gen¬ 
eration  metal  aircraft  largely  “come  for  free”  must,  in 
the  future,  be  explicitly  provided,  usually  with  an  ad¬ 
verse  effect  on  aircraft  weight  and  program  cost. 

Demarcation  line:  The  demarkation  line  between  di¬ 
rect  and  indirect  effects  may  be  somewhat  arbitrary  in 
some  instances.  An  example  might  involve  a  lightning 
flash  terminating  on  a  wing  tip  navigation  light.  In 
this  case,  the  burning  or  blasting  damage  to  the  light 
fixture  would  be  considered  a  direct  effect  of  the  light¬ 
ning.  If  the  lightning  flash  were  to  contact  the  filament 
of  the  bulb  and  inject  current  into  the  wiring,  electri¬ 
cal  effects  would  be  produced  ranging  from  overvoltage 
breakdown  of  the  insulation  at  the  socket  to  tripping  of 
remote  circuit  breakers  or  upset  of  equipment;  effects 
of  the  resulting  surge  voltages  on  the  power  system. 
All  of  these  effects  will  be  considered  indirect  effects 
in  this  discussion,  even  though  the  initiating  event  was 
the  direct  injection  of  current  into  the  filament. 

Another  hypothetical  possibility  would  involve  a 
lightning  flash  that  passed  close  to  but  did  not  con¬ 
tact  the  aircraft.  The  changing  electromagnetic  field 
produced  by  that  flash  might  upset  electronic  equip¬ 
ment.  The  circuit  upsets  produced  by  such  a  flash 
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would  clearly  be  of  an  indirect  nature,  since  there  was 
no  direct  involvement  of  the  aircraft  with  the  lightning 
flash.  Usually,  however,  the  indirect  effects  of  concern 
are  produced  by  a  flash  that  contacts  the  aircraft. 

Mechanisms:  The  mechanism  whereby  lightning  cur¬ 
rents  induce  voltages  in  aircraft  electrical  circuits  is 


illustrated  in  Fig.  4.20.  As  lightning  current  flows 
through  an  aircraft,  strong  magnetic  fields  which  sur¬ 
round  the  conducting  aircraft  and  change  rapidly  in 
accordance  with  the  fast  changing  lightning  stroke  cur¬ 
rents  are  produced.  Some  of  this  magnetic  flux  may 
leak  inside  the  aircraft  through  apertures  such  as  win¬ 
dows,  composite  fairings,  seams,  and  joints. 


where 

it  =  Lightning  current  in  airframe 
R  =  Structural  resistance  of  airframe 
4>  =  Magnetic  flux 
e,  =  Shield  external  voltage 
i,  =  Shield  current 
ew  =  Shielded  wire  voltage 
iw  =  Shielded  wire  current  (max) 


Fig.  4.20  Magnetic  flux  penetration  and  induced  voltages  in  electrical  wiring, 
(a)  Installation  (b)  Mechanisms 
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Magnetically  induced  voltage*:  Other  fields  may 
arise  inside  the  aircraft  when  lightning  current  diffuses 
to  the  inside  surfaces  of  skins.  In  either  case  these 
internal  fields  pass  through  aircraft  electrical  circuits 
and  induce  voltages  in  them  proportional  to  the  rate 
of  change  of  the  magnetic  field.  These  magnetically 
induced  voltages  may  appear  between  both  wires  of  a 
two-wire  circuit,  or  between  either  wire  and  the  air¬ 
frame.  The  former  are  often  referred  to  as  line-to-line 
voltages  and  the  latter  as  common-mode  voltages. 

Structural  IR  voltages:  In  addition  to  these  induced 
voltages,  there  may  be  resistive  voltage  rises  along  the 
airframe  as  lightning  current  flows  through  it.  These 
are  called  structural  IR  voltages.  If  any  part  of  an 
aircraft  circuit  is  connected  anywhere  to  the  airframe, 
these  structural  IR  voltages  may  appear  between  cir¬ 
cuit  wires  and  the  airframe,  as  shown  in  Fig.  4.20. 
For  airframes  made  of  highly  conductive  aluminum, 
these  voltages  are  seldom  significant  except  when  the 
lightning  current  must  flow  through  resistive  joints  or 
hinges.  However,  the  resistance  of  steel  or  titanium  is 
10  times  that  of  aluminum,  and  the  resistance  of  most 
CFC  structures  is  over  a  hundred  times  the  resistance 
of  comparable  aluminum  structures,  so  the  structural 
IR  voltages  in  aircraft  fabricated  of  these  materials 
may  be  much  higher. 

Other  aipects  of  indirect  effects:  Magnetically  in¬ 
duced  and  structural  IR  voltages  occur  simultaneously 
in  nearly  all  wiring  within  an  aircraft  during  a  light¬ 
ning  strike,  so  the  potential  exists  for  multiple  effects 
on  avionic  systems.  For  example,  four  channels  of 
a  quadruplex  redundant  digital  flight  control  system 
might  all  be  damaged  at  the  same  time,  if  protection 
against  indirect  effects  is  not  incorporated.  Safe  op¬ 
erations  of  such  systems  in  the  lightning  environment 
cannot  be  achieved  by  relying  only  on  redundant  sys¬ 
tems. 

Systems  of  concern:  Systems  of  greatest  concern  re¬ 
garding  indirect  effects  include  the  following. 

1.  Full  authority,  digital  engine  control  (FADEC) 
systems. 


2.  Full  authority  electronic  flight  control  (Fly-by¬ 
wire)  systems. 

3.  Supervisory  control  steps  capable  of  initiating 
control  inputs  that  could  endanger  flight  safety. 

4.  Pally  or  highly  integrated  cockpit  instruments  and 
displays. 

5.  Electronic  flight  instrumentation  (EFIS)  systems. 

6.  Aircraft  electric  power  control  and  distribution 
systems. 

7.  Electrical/avionic  systems  that  include  externally 
mounted  apparatus,  such  as  air  data  probes, 
heaters,  actuators  find  antennas. 

Relation  to  EMI  and  EMC:  Indirect  effects  of  light¬ 
ning  are  part  of  the  broad  subject  of  electromagnetic 
interference  (EMI)  and  control  (EMC).  The  EMI  and 
EMC  standards  in  industry  wide  use,  however,  do  not 
deal  with  the  indirect  effects  of  lightning.  Neither  do 
aircraft  industry  performance  standards,  such  as  DO- 
160  published  by  the  Radio  Technical  Commission  for 
Aeronautics  (RTCA)  [4.23].  Efforts  are  underway  to 
add  meaningful  lightning  indirect  effects  environments 
to  the  family  of  EMI/EMC  standards,  but  significant 
differences  exist  between  the  two  environments. 

A  major  difference  is  that  lightning  induced  tran¬ 
sients  are  best  characterized  as  a  time  domain  phe¬ 
nomenon,  while  classical  EMI/EMC  concerns  relate 
to  the  frequency  domain.  Susceptibility  to  excessive 
voltages  or  currents  and  susceptibility  to  narrow  band 
interference  or  emission  are  not  the  same  thing  and 
protection  against  one  does  not  necessarily  imply  pro¬ 
tection  against  the  other. 

Coordination  of  standard*:  Coordinated  standards 
are  unlikely  in  the  near  future.  Therefore,  separate 
and  dedicated  efforts  and  protection  criteria  must  be 
applied  to  achieve  successful  protection  of  flight  criti¬ 
cal/essential  systems  against  lightning  indirect  effects. 
Design  of  protective  measures  against  indirect  effects 
is  treated  in  Chapters  8  through  18. 
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Chapter  5 


THE  CERTIFICATION  PROCESS 


5.1  Introduction 

The  purpose  of  this  chapter  is  to  describe  the  air¬ 
craft  lightning  protection  requirements  set  forth  by 
the  Federal  Aviation  Administration  (FAA)  and  other 
agencies,  and  to  discuss  the  several  steps  that  can 
be  taken  by  applicants  to  comply  with  these  require¬ 
ments.  Where  applicable,  the  role  of  the  FAA  certify¬ 
ing  engineer  or  designated  representative  is  discussed 
in  addition  to  the  activities  of  the  aircraft  design  en¬ 
gineers  and  certification  managers. 

The  material  in  this  chapter  includes  descriptions 
of  performance  requirements,  standards,  specifications 
and  procedural  steps.  It  does  not  include  design  data 
or  methodology,  which  are  the  subject  of  the  succeed¬ 
ing  chapters.  It  is  recommended  that  those  respon¬ 
sible  for  design  and  certification  be  familiar  with  the 
material  in  this  chapter  before  proceeding  with  a  light¬ 
ning  design  program,  as  the  success  and  efficiency  of 
an  overall  design  depends  considerably  on  the  steps 
followed  to  achieve  the  design. 

Aircraft  lightning  protection  requirements  and  re¬ 
lated  standards  have  improved  substantially  in  the 
past  decade,  to  the  point  where  they  now  address 
nearly  all  of  the  potential  lightning  hazards  and  in¬ 
corporate  the  known  aspects  of  the  lightning  environ¬ 
ment.  Before  this,  the  aircraft  protection  requirements 
[5.1]  focussed  on  one  or  two  potential  hazards,  such  as 
fuel  tanks  and  access  panels  or  antennas  and  other  ex- 
temal“  points  of  entry”  while  ignoring  other  areas  such 
as  internal  arc  and  spark  sources  or  indirect  effects  on 
electrical  and  avionic  systems. 

The  requirements  and  standards  are  also  being 
updated  periodically  to  reflect  improved  understand¬ 
ing  of  the  natural  lightning  environment  and  the  emer¬ 
gence  of  new  aircraft  design  technologies,  such  as  elec¬ 
tronic  control  systems  and  advanced  composite  air¬ 
frames.  This  progress  appears  well  positioned  to  adapt 
to  future  trends  as  well,  via  on-going  technology  re¬ 
view  and  standards  writing  activities  among  industry 
and  regulatory  agency  groups. 

The  lightning  protection  design  and  certification 
process  has  been  aided  by  a  proliferation  of  technical 
literature  on  aircraft  lightning  interaction  mechanisms, 
protection  techniques  and  verification  methods.  Much 
of  this  material  is  summarized  in  this  chapter  and  fre¬ 
quent  references  to  important  sources  of  additional  in¬ 
formation  are  provided. 


5.2  FAA  Lightning  Protection  Regulations 

Since  lightning  represents  a  possible  safety  hazard 
whose  consequences  may  extend  to  loss  of  the  aircraft, 
and  the  lives  of  those  aboard,  the  fundamental  goal  of 
aircraft  lightning  protection  is  to  prevent  catastrophic 
accidents,  and  to  enable  the  aircraft  to  continue  flying 
safely  and  be  able  to  land  at  a  suitable  airport, 


FAR’s  and  AC's:  Lightning  protection  requirements 
have  therefore  been  included  in  the  collection  of  Fed¬ 
eral  Aviation  Regulations  (FAR’s)  and  Advisory  Cir¬ 
culars  (AC’s)  aimed  at  ensuring  that  the  above  goal 
is  met  for  all  except  experimental  and  certain  acro¬ 
batic  aircraft.  These  regulations  deed  with  the  aircraft 
as  a  whole,  and  more  specifically  with  the  fuel  system 
and  other  flight  critical  and  essential  systems.  Specific 
regulations  for  each  category  of  aircraft  and  rotorcraft 
are  listed  in  Table  5.1  and  reproduced  in  the  following 
pages.  As  with  most  of  the  other  US  Federal  Airwor¬ 
thiness  Regulations,  they  state  a  performance  require¬ 
ment,  but  do  not  include  guidelines  for  compliance  or 
specific  technical  design  requirements.  In  this  manner 
the  FAR’s  allow  the  designer  a  maximum  amount  of 
flexibility.  Emphasis  is  placed  by  the  FAA  on  verifi¬ 
cation  and  compliance  with  the  FAR’s,  in  this  case  by 
demonstrating,  often  by  test,  that  the  designs  do  in 
fact  provide  the  necessary  protection. 

Lightning  protection  requirements  are  included 
in  the  FAR’s  for  Transport  Category  Aircraft  (Part 
25),  Normal,  Utility  and  Acrobatic  Aircraft  (Part  23), 
which  are  herafter  referred  to  as  “General  Aviation" 
aircraft  and  for  both  categories  of  rotorcraft  (Parts  27 
and  29),  though  some  differences  in  applicable  para¬ 
graph  numbering  and  wording  exist.  Descriptions  fol¬ 
low.  It  will  be  noted  that  the  lightning  protection 
regulations  are  functional  requirements  that  are  com¬ 
paratively  brief.  The  intensity  of  the  lightning  envi¬ 
ronment,  the  frequency  of  lightning  strike  occurences 
and  locations  where  strikes  enter  or  exit  the  aircraft 
are  not  provided  in  the  protection  regulations. 

The  lightning  environment  for  design  and  certifi¬ 
cation  purposes  is  presented  in  FAA  Advisory  Circu¬ 
lars  [5.2,  5.3],  along  with  definitions  of  lightning  strike 
zones  and  guidance  for  locating  them  on  specific  air¬ 
craft.  It  is  also  discussed  in  §5.5. 
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Table  5.1  -  Federal  Aviation  Regulations  Pertaining 
to  Lightning  Protection 


_ vehicle  Type  and  Regulations - - 

Aircraft  _ RQtorcgfltt 


General  Transport 

Normal 

Transport 

AYlfttlon  — 

Airframe 

23.867 

25.581 

27.610 

29.610 

Fuel  System 

23.954 

25.954 

27.954 

29.954 

Other  Systems 

23.1309 

25.1309 

27.1309D 

27.1309H 

5.2.1  Protection  of  the  Airframe 

The  basic  lightning  protection  regulation  for  air¬ 
frames  is  the  same  for  all  vehicle  categories,  and  ap¬ 
pears  in  the  FAR’s  as: 


nents  located  at  extremities  of  the  aircraft  where  light¬ 
ning  strikes  most  frequently  occur.  Adequate  bond¬ 
ing  would  prevent  damage  to  the  hinges,  fasteners  and 
other  means  of  attaching  these  components  to  the  air¬ 
frame. 


UGHTNINQ  FROTICTION 

I2i.il!  Lightning  protection. 

(n)  The  airplane  must  be  protected  against 
catastrophic  effects  from  lightning. 

(b)  For  metallic  components,  compliance 
with  imragraph  (a)  of  this  section  may  be 
shown  by— 

(1)  Bonding  the  eom|xments  properly 
to  the  airframe;  or 

(2)  Designing  the  component*  so  that  a 
strike  will  not  endanger  the  airplane. 

(o)  For  nonmetAllic  components,  compliance 
with  paragraph  (a)  of  tills  section  may  be 
shown  by— 

(1)  Designing  the  components  to  mini¬ 
mise  the  effect  of  a  atrike;  or 

(2)  Incorporating  acceptable  means  of 
diverting  tlie  resulting  electrical  current,  no 
as  not  to  endanger  tlw  airplane. 

Identical  regulations  are  found  in  the  FAR’s  deal¬ 
ing  with  General  Aviation  (Part  23)  and  Rotorcraft 
(Parts  27  and  20).  These  regulations  state  that  com¬ 
pliance  can  be  shown  either  by  bonding  components 
to  the  airframe  or  by  designing  components  so  that 
a  strike  will  not  endanger  the  airframe.  In  this  con¬ 
text  the  term  “bonding”  refers  to  electrical  connec¬ 
tions  among  components,  sufficient  to  withstand  light¬ 
ning  currents. 

At  the  time  this  basic  regulation  was  formulated 
it  was  widely  believed  that  hasardous  lightning  effects 
were  limited  to  the  external  structure  or  to  compo¬ 
nents  directly  exposed  to  lightning  strikes  and  that 
protection  hum  these  effects  could  be  achieved  by 
ensuring  that  they  were  adequately  bonded  to  the 
main  airframe.  Examples  were  flight  control  surfaces, 
air  data  probes,  empennage  tips  and  other  compo¬ 


Bonding  resistance:  Unfortunately,  this  emphasis  on 
bonding  has  led  some  designers  to  conclude  that  bond¬ 
ing,  by  itself,  will  provide  adequate  lightning  protec¬ 
tion  for  an  aircraft  and  that  little  else  need  be  done. 
To  them,  a  lightning  protected  aircraft  has  meant  a 
“bonded"  aircraft.  Verification  of  this  “bonded”  status 
has,  in  turn,  been  signified  by  attainment  of  a  specified 
electrical  resistance  among  the  “bonded”  components. 
The  industry  has  adapted  various  bonding  resistance 
limits  for  this  purpose,  among  them  the  US  military 
specification  MIL-B-5087B  [5.1],  which  requires  that 
components  subject  to  lightning  currents  be  intercon¬ 
nected  with  a  “bonding”  resistance  not  exceeding  2.5 
milliohms.  This  is  achieved  by  allowing  metal-to- 
metal  contact  among  parts  and  verified  by  a  dc  re¬ 
sistance  measurement. 

Criteria  like  the  2.5  milliohm  bonding  specifica¬ 
tion  have  taken  on  an  importance  all  of  their  own,  to 
the  neglect  of  the  real  purpose  of  design,  which  is  to 
prevent  hazardous  lightning  effects.  Whereas  electri¬ 
cal  continuity  among  metal  parts  of  an  aircraft  is  im¬ 
portant,  there  are  many  other  features  of  a  successful 
protection  design  that  are  of  equal  or  greater  impor¬ 
tance. 

Effects  within  the  aircraft:  The  focus  of  FAR  25.581 
on  the  bonding  and  externally  mounted  components 
has  perhaps  led  designers  to  give  much  less  attention 
to  lightning  effects  occurring  within  the  airframe,  ei¬ 
ther  directly  from  current  flow  among  internal  struc¬ 
tural  members  or  indirectly,  from  changing  magnetic 
and  electric  fields  interacting  with  electrical  systems. 
These  indirect  effects  have  been  the  cause  of  several 
catastrophic  accidents,  (nought  about  by  electrical 
arcing  among  fuel  tank  components  and  by  burnout 
of  flight  essential  electronic  components.  More  de¬ 
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tailed  discussions  of  these  effects  and  related  protec¬ 
tion  methods  are  found  in  the  succeeding  chapters. 

The  emphasis  of  FAR  25.581  on  the  external  and 
bonding  aspects  of  lightning  protection  does  not,  of 
course,  excuse  the  designer  from  actively  identifying 
and  addressing  all  potentially  hazardous  direct  and 
indirect  lightning  effects.  The  first  sentence  of  FAR 
25.581  is  the  important  general  requirement: 

The  airframe  must  be  protected  against  catas¬ 
trophic  effects  of  lightning. 

5.2.2  Protection  of  the  Fuel  System 

The  emphasis  of  FAR  25.581  on  the  external  as¬ 
pects  of  lightning  protection,  and  the  occurrence  of 
several  catastrophic  accidents  directly  attributed  to 
lightning-related  ignition  sources  within  fuel  tanks,  led 
to  the  addition  of  FAR  25.594,  which  focuses  specific 
attention  on  aircraft  fuel  systems,  as  follows: 

I  25.954  Fuel  system  lightning  protection. 

The  fuel  system  must  be  designed  and  ar¬ 
ranged  to  prevent  the  ignition  of  fuol  vapor 
within  the  system  by — 

(a)  Direct  lightning  strikes  to  areas  hav¬ 
ing  a  high  probability  of  stroke  attachment; 

(b)  Swept  lightning  strokes  to  arena  where 
swept  strokes  are  highly  probable;  and 

(c)  Corona  and  streamering  at  fuel  vent 
outlets. 

Identical  wording  is  found  in  the  regulations  for 
General  Aviation  Aircraft  (Part  23)  and  Rotorcraft 
(Parts  27  and  29),  shown  in  Table  5.1.  Again  the  em¬ 
phasis  is  on  prevention  of  fuel  vapor  ignition  sources 
due  to  the  lightning  strike  attachment  to  exterior  sur¬ 
faces  of  the  aircraft,  but  the  first  sentence  states  the 
important  requirement: 

The  fuel  system  thus*  be  designed  and  ar¬ 
ranged  to  prevent  the  ignition  of  fuel  vapor 

FAR  25.594  thereby  addresses  one  of  the  most 
important  potential  lightning  hazards  to  an  aircraft. 
Acceptable  means  of  compliance  with  this  regulation 
are  described  in  a  companion  Advioory  Circular  (AC) 
(6.2). 

5.2.3  Protection  of  Other  Systems 

No  FAR's  deal  specifically  with  lightning  protec¬ 
tion  of  other  systems,  such  as  the  flight  control,  propul¬ 
sion,  electrical  and  avionic  systems.  However,  the  gen¬ 
eral  safety  regulations  for  equipment,  systems  and  in¬ 
stallations  aboard  the  aircraft,  stated  in  FAR  25.1309, 
rjquire  protection  against  hazards  resulting  from  any 


foreseeable  operating  condition,  one  of  which  is  a  light¬ 
ning  strike,  as  follows: 

125.1309  Equipment  syt&smt  end  Installa¬ 
tions. 

(a)  The  equipment,  systems,  and  installa¬ 
tions  whose  functioning  is  required  by  this 
subciiapter,  must  lie  designed  to  ensure  that, 
they  iwrform  their  intended  functions  under 
any  foreseeable  operating  condition. 

(b)  The  airplane  systems  and  associated 
rnni|>nmmts,  considered  separately  and  in  rela¬ 
tion  to  other  systems,  must  be  designed  so 
that — 

(1)  Tiie  occurrence  of  any  failure  con¬ 
dition  which  would  prevent  the  continued 
safe  flight  and  landing  of  the  nirplane  is 
extremely  improbable,  and 

(2)  The  occurrence  of  any  other  failure 
conditions  which  would  result  in  injury  to 
the  occupants,  or  reduce  the  capability  of 
the  airplane  or  the  ability  of  the  crew  to 
eojie  with  adverse  o(»e  rating  conditions  is 
improbable. 

(c)  Warning  information  must  be  pro¬ 
vided  to  nlcrt  the  crew  to  unsafe  system  op¬ 
erating  conditions,  and  to  enable  them  to  take 
appropriate  corrective  action.  Systems,  con¬ 
trols,  and  associated  monitoring  and  warning 
means  must  I*  designed  so  that  crew  errors 
that  would  made  additional  Imxurds  lire 
improbable. 

(d)  Compliance  with  the  requirements  of 
paragraphs  (It)  and  (c)  of  this  section  must 
lie  shown  by  nuiilysis,  mid  whore  necessary,  by 
appropriate  ground,  flight,  or  flight  simulator 
tests.  The  analysis  must  consider — 

(I)  Possible  modes  of  failure,  including 
malfunctions  and  damage  from  external 
sources. 

(8)  The  probability  of  multiple  failures 
slid  undetected  failures. 

(8)  Tiie  resulting  effects  on  the  airplane 
and  nmi | units,  considering  the  stage  of 
(light  ami  o|S'raling  conditions,  and 

(4)  The  crew  warning  cues,  corrective 
action  required,  and  llio  ca|mhilily  of  detect¬ 
ing  faults. 

(e)  Kuril  installation  whose  functioning  is 
required  by  Ibis  subclm|ilert  ami  that  requires 
a  (silver  supply,  is  an  Hessi>iitinl  load"  on  the 
(tower  supply.  ‘Hie  (aiwer  sources  and  Hie  sys¬ 
tem  must  Is*  able  to  supply  the  following  |aiwer 
load*  in  (irolmble  o|a<ruliug  combinations  and 
for  prolatble  durations: 

(1)  Loads  connected  to  Hie  ay-slcm  with 
Hw  system  functioning  uonually. 

(2)  Kssenlial  loads,  after  failure  of  any 
one  prour  mover,  (aiwer  comerter,  or  energy 
storage  device, 
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(•1)  timeiitinl  limit*  after  failure  of 

(i)  Any  one  engine  on  two-  or  three- 
engine  airiilaneu;  anil 

(ii)  Any  two  etifrinr*  nn  fiiur-  ur 
more-  engine  airplane*. 

(4)  Knaential  load*  fnr  wltlcli  nn  alter- 
mile  wHirt-e  nf  power  in  rwpiiml  be  I  lit* 
rh*|»trr.  after  any  failure  nr  iiinl  function  in 
any  i me  |mwer  supply  system,  iliateikulinn 
system,  nr  ntlier  titilixittioii  ayatein. 

(f)  In  ticlertiiiuiiig  complintice  with  atili- 
|mragm|ilm  (e)  (a)  and  <:t|  «f  thin  section, 
tile  |«mer  hauls  may  Im  aaaumeil  to  la*  rriliicctl 
nmler  a  monitoring  pmeednre  consistent  with 
aafet.v  in  Hie  kimls  of  u|a*mtiim  nullmiiml. 

I^aula  unt  retpiiml  in  eontniHnl  flight  iiiisi 
nut  lie  ennsiileml  fnr  tin*  two  ciigiiic  iiiii|icni- 
tive  emiilit iiai  on  nirplaue*  with  four  nr  more 
engine*. 

(g)  In  showing  couiplinnre  with  pant' 
graphs  (a)  nml  (h)  of  thin  set-lion  with  regnnl 
In  tin*  elei-t ricitl  syatem  and  ispiipment  ileaign 
ami  iiniiill:i{ii*ti,  i-rilieal  envirounieulnl  emi 
dilinna  must  la*  ismaiilered.  For  elcetrieul 
generation,  <list  rilmt  ion,  and  utilixatimi  equip* 
inent  required  liy  nr  used  in  eninplyilig  with 
thin  elm|tter,  except  e<|iiipuieiit  covered  hy 
Terlinieal  Klnudiird  Onlera  mntaining  en¬ 
vironment  id  lest  procedures,  Hie  ability  to 
provide  emit itiiHius,  safe  serviee  under  tore- 
aenalile  environmental  ennditinit*  may  lie  shown 
by  environmental  teat*,  design  analysis,  or 
reference  to  previona  comparable  service  ex- 
perienee  on  oilier  aircraft. 

Since  FAR  26. 1300  make*  no  apecific  mention  of 
lightning  a*  a  “foreseeable  operating  condition,’1  this 
regulation  has  sometime*  not  been  applied  with  re¬ 
spect  to  lightning  protection.  The  occurrence  of  light¬ 
ning  strikes  to  aircraft  is,  however,  today  a  widely  rec¬ 
ognised  “operating  condition",  ao  the  regulation  is  in¬ 
deed  applicable.  The  important  language  is  found  in 
paragraphs  (a)  through  (d)  and  (g).  The  requirements 
of  paragraphs  (e)  and  (f )  deal  more  specifically  with 
propulsion  system  failures. 

Mafeipla  hazards:  FAR  26.1300  introduces  the  re¬ 
quirement  for  protection  against  any  syatem  failure 
that  would  prevent  the  “continued  safe  flight  and  land¬ 
ing"  of  the  aircraft  and  that  a  failure  condition  must 
be  made  “extremely  improbable".  Likewise,  the  oc¬ 
currence  of  other  conditions  which  would  “reduce  the 
capability  of  the  airplane  or  the  ability  of  the  crew  to 
cope  with  adverse  operating  condi tons"  mutt  be  made 
improbable.  This  part  of  the  regulation  is  very  impor¬ 
tant  vis  a  vis  lightning,  which  is  a  condition  which  may 
occur  along  with  other  adverse  environmental  condi¬ 
tions,  such  as  icing,  precipitation,  turbulence.  Taken 
together  with  the  possible  effects  of  lightning  on  flight 


essential  systems  such  as  propulsion,  electric  power, 
airframe,  flight  control  and  navigation  systems,  all  of 
which  must  perform  satisfactorily,  there  may  be  mul¬ 
tiple  effects  which  may  increase  pilot  work  load  and 
reduce  the  ability  of  the  airplane  or  crew  to  continue 
safe  flight. 

The  focus  of  this  regulation  on  protection  against 
multiple  environments  and  hazards  is  perhaps  its  most 
important  aspect. 

Probability  of  occurrence:  The  requirements  of  FAR 
25.1300  are  discussed  further  in  an  Advisory  Circu¬ 
lar  [5.3]  which  defines  “highly  improbable”  as  no  more 
than  once  in  1  000  000  000  (10®)  flight  hours.  The  fig¬ 
ure  is  more  frequently  expressed  as  a  “10"®  probability 
of  occurrence,"  or  10“®  events  per  hour. 

Calculation  of  numerical  probabilities  of  occur¬ 
rence  of  a  certain  lightning  hazard,  or  of  the  failure  of 
a  specific  protection  design,  has  rarely  been  attemped 
because  of  the  difficulty  of  assigning  numerical  factors 
to  a  large  number  of  possible  lightning  environment 
parameters  and  modes  of  interaction  between  lightning 
and  the  aircraft.  A  simple  multiplication  of  probabil¬ 
ities,  such  as  lightning  current  exceeding  a  tolerance 
level,  or  of  lightning  striking  a  particularly  vulnera¬ 
ble  location,  or  of  fuel  vapor  being  in  a  flammable 
condition  can,  if  a  sufficient  number  of  factors  is  in¬ 
cluded,  yield  a  very  low  probability  of  occurrence  of  a 
certain  hazard.  It  can  also  lead,  sometimes,  to  a  con¬ 
clusion  that  the  10~*  requirement  has  been  met,  and 
that  there  is  no  need  to  consider  protection. 

Such  an  approach  is  misleading  and  should  not 
be  accepted  as  evidence  of  compliance  with  the  FAR 
25.1300  requirement  of  adequate  protection  of  flight 
critical  or  flight  essential  systems! 

General  aviation  and  rotarcraft:  The  requirements  of 
FAR  25. 1300  are  not  mirrored  in  the  other  Federal  Avi¬ 
ation  Requirements  which  address  general  aviation  air¬ 
craft  and  rotoreraft.  FAR  23.1300,  reproduced  below, 
is  narrower  in  scope  than  FAR  25.1300  and  thus  does 
not  address  “any  foreseeable  operating  conditions"  and 
cannot  be  considered  a  lightning  protection  require¬ 
ment. 

Dees. 

(a)  lash  item  of  squipmsnt,  when  per¬ 
forming  Its  intandsd  function,  may  not  ad- 
vorssly  offset— 

(1)  Tbs  response,  operation,  or  aectirsey 
of  sny  oqui|Hnont  sawmill  to  safe  operation; 
or 

(9)  Tbs  response,  operation,  or  seeuraey 
of  any  otlier  equipment  unless  tbers  Is  a 
means  to  inform  ties  pilot  of  tbs  offset. 

(b)  The  equipment,  systems,  and  installs- 
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tions  of  a  nuiUiongins  airplane  mint  be  de¬ 
ll  gned  to  prevent  hazards  to  the  airplnne  in 
the  event  of  a  probable  malfunction  or  failure. 

(c)  The  equipment,  systems,  and  installa¬ 
tions  of  a  single-engine  airplane  must  be  de¬ 
signed  to  minimize  hazards  to  the  airplnne  in 
the  event  of  a  probable  malfunction  or  failure. 

5.2.4  Other  FAA  Requirements 

Recognizing  the  increasing  role  of  electronic  con¬ 
trols  in  operation  of  the  aircraft,  the  FAA  initiated  a 
rule-making  project  to  add  a  FAR  dealing  specifically 
with  lightning  protection  of  flight  critical  and  flight  es¬ 
sential  electrical  and  avionic  systems  and  equipment. 
When  adopted,  this  regulation  will  require  that  these 
systems  and  equipment  continue  to  perform  their  in¬ 
tended  functions;  that  is,  remain  operational,  following 
an  in-flight  lightning  strike.  The  requirement  will  thus 
further  strengthen  and  apply  the  requirements  of  FAR 
25.1309  to  lightning  protection.  It  is  anticipated  that 
this  regulation  will  first  appear  in  Part  25  and  shortly 
afterwards  appear  in  modified  form  for  the  other  cat¬ 
egories  of  airplanes  and  rotorcraft. 

Users  of  this  handbook  should  ascertain  the  sta¬ 
tus  of  these  new  regulations  and  become  familiar  with 
their  use  and  applicability.  Methodology  for  compli¬ 
ance  with  these  new  regulations  will  be  presented  in  a 
companion  FAA  Advisory  Circular,  which  has  been 
published  in  draft  form  by  SAE  Committee  AE4L 
(5.4].  The  guidelines  in  that  reference  have  already 
been  utilized  for  certification  of  full  authority  elec¬ 
tronic  flight  and  engine  control  systems. 

The  steps  which  may  be  followed  to  comply  with 
the  new  regulation  are  described  in  (5.4]  and  repeated 
in  §5.6  of  this  handbook. 

5.3  Other  Aircraft  Lightning  Protection 
Requirements 

The  US  Department  of  Defense  (DOD)  has  pro¬ 
mulgated  requirements  for  lightning  protection  of  mil¬ 
itary  aircraft  and  rotorcraft.  The  basic  requirements 
document  is  DOD  Standard  1795  (5.5],  which  states 
the  functional  lightning  protection  requirements  for 
“aerospace  vehicles"  purchased  by  DOD  agencies,  such 
as  US  Air  Force,  US  Army  and  US  Navy.  The  term 
“aerospace  vehicle"  refers  to  fixed  wing  aircraft,  rotor- 
craft  and  missile  “systems",  as  well  as  to  major  sys¬ 
tems  such  as  engines,  external  fuel  tanks  and  weapons. 

DOD  Standard  1795:  DOD  Standard  1 795  war  im¬ 
plemented  in  1986,  following  many  years  of  reliance 
upon  MIL-B-5087B  (5.1),  which  focused  primarily  on 
electrical  bonding  and  which  has  been  proven  to  be 
inadequate  for  lightning  protection.  DOD  aircraft  de¬ 


signed  after  1986  are  subject  to  the  requirements  of 
DOD  STD  1 795,  which  are  more  comprehensive  than 
those  of  MIL-B-5087B. 

Military  Standard  1757:  The  lightning  environment 
for  design  and  verification  test  purposes  of  DOD  air¬ 
craft  is  defined  in  US  Military  Standard  1757  [5.6]. 
It  incorporates  the  same  lightning  environment  as  de¬ 
fined  in  [5.2]  and  [5.4]  for  civil  aircraft. 

Certain  DOD  aircraft  are  subject  to  the  FAA 
FAR’s  as  well  as  to  the  DOD  requirements.  These 
include  military  transport  and  cargo  aircraft  which  oc¬ 
casionally  operate  from  civil  airports  and  fly  extended 
distances  along  civilian  airways.  Often  these  are  air¬ 
frames  that  have  previously  been  certified  in  accor¬ 
dance  with  the  FAA  FAR’s.  Examples  include  the 
USAF  KC-10A  (DC-10),  KC-135  (B-707)  and  ft.C-12 
(Beech  King  Air,  Model  200). 

Fightera  and  bombers:  Fighter  and  bomber  type  air¬ 
craft  generally  do  not  have  to  meet  the  FAA  certifies 
tion  requirements. 

Foreign  aircraft  and  JAR’s:  Aircraft  of  non-US  man¬ 
ufacture  are  usually  certified  by  appropriate  agencies 
of  the  country  of  origin,  although  these  aircraft  must 
also  meet  US  FAR’s  if  they  are  to  be  operated  in  the 
USA.  The  converse  is  true  for  US  manufactured  air¬ 
craft  which  are  to  operate  in  other  countries.  Compli¬ 
ance  with  the  various  requirements  is  facilitated  by  bi¬ 
lateral  agreements  among  nations,  and  by  use  of  Joint 
Airworthiness  Requirements  (JAR’s),  mutually  agreed 
upon  by  participating  nations. 

The  lightning  protection  requirements  are  similar 
in  ail  sets  of  regulations,  although  the  applicability  and 
degree  of  enforcement  has  varied  somewhat.  There  is 
a  high  degree  of  cooperation  among  aircraft  lightning 
protection  specialists  worldwide  and  further  progress 
in  international  standardization  of  lightning  protection 
requirements  and  standards  is  likely  to  occur. 

5.4  Summary  of  FAA  Lightning  Protection 
Requirements 

The  baric  requirement  is  that: 

the  aircraft  must  be  protected  against  catas¬ 
trophic  effects  of  lightning, 

as  stated  in  FAR  25.581  and  the  companion  docu¬ 
ments.  This  applies  to  the  airframe,  plus  all  of  the 
systems  and  components  necessary  to  allow  the  air¬ 
craft  to  continue  safe  flight  and  landing,  as  stated  in 
FAR  25.1309. 

Other  existing  and  proposed  regulations  focus  at¬ 
tention  on  systems  of  specific  importance,  including 
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fuel  ( FAR  25.95 4)  and  other  flight  essential  systems 
(FAR  25.1309).  A  forthcoming  new  regulation  and  ac¬ 
companying  advisory  circular  [5.4]  will  place  further 
emphasis  on  protection  of  electrical  and  avionic  sys¬ 
tems.  The  absence  of  a  regulation  pertaining  to  a 
specific  system  does  not,  of  course,  mean  that  such 
a  system  does  not  need  to  be  addressed,  since  all  parts 
of  the  aircraft  fall  under  the  basic  protection  require¬ 
ment. 

The  FAR’s  state  only  the  functional  requirements, 
and  in  the  most  general  and  broad  terms.  Translation 
of  these  terms  to  specific  technical  design  goals  is  left 
to  the  manufacturer  of  the  aircraft  or  system,  with 
review  and  approval  authority' vested  in  the  FA  A  or 
its  Designated  Engineering  Representatives  (DER’s). 
The  lightning  environment  for  protection  design  and 
certification  purposes  is  described  in  §5.5  and  the  steps 
necessary  to  complete  the  lightning  protection  and  cer¬ 
tification  tasks  are  described  in  §5.6. 

5.5  The  Lightiiing  Environment  for  Design 
and  Verification 

Before  describing  the  specified  lightning  environ¬ 
ment  for  aircraft,  some  discussion  is  in  order  as  to  how 
it  evolved. 

5.5.1  Early  Lightning  Standards 

The  first  industry  to  experience  lightning  prob¬ 
lems,  and  to  establish  the  need  for  standardization  of 
a  lightning  environment  for  design  and  test  purposes, 
was  the  electric  utility  industry.  Shortly  after  over¬ 
head  power  transmission  and  distribution  lines  became 
widespread,  it  was  apparent  that  lightning  would  be  a 
severe  problem.  Power  transformers,  generators,  mo¬ 
tors  and  switching  devices  experienced  damage  from 
voltage  and  current  surges  due  to  lightning  strikes  to 
the  power  lines.  Research  programs  to  quantify  natu¬ 
ral  lightning  electrical  characteristics  were  initiated  by 
utility  companies  and  equipment  manufacturers  such 
as  General  Electric  Company  and  Westinghouse  Elec¬ 
tric  Company. 

Shortly  thereafter,  standards  emerged  which  de¬ 
fined  lightning  surge  voltage  and  current  levels  to  be 
withstood  by  power  system  apparatus.  Extensive  lab¬ 
oratory  test  facilities  were  constructed  to  enable  equip¬ 
ment  to  be  tested  to  verify  ability  to  tolerate  these 
standards.  As  power  transmission  voltages  increased 
and  associated  equipment  became  more  sophisticated, 
improvements  were  necessary  in  lightning  protection 
technology  and  the  need  for  better  information  on  the 
natural  lightning  environment  continued.  As  a  result, 
an  extensive  amount  of  research  into  lightning  phe¬ 
nomenology  and  its  effects  on  electric  power  systems 
and  apparatus  was  carried  out  during  the  period  1920 
to  1960. 


Insulation  coordination:  This  research  led  to  a  com¬ 
prehensive  philosophy,  called  insulation  coordination, 
dealing  with  the  lightning  protection  of  electric  power 
equipment.  It  incorporates  standardised  voltage  lev¬ 
els  to  which  equipment  is  designed,  standardized  lev¬ 
els  and  procedures  for  proof  tests  on  apparatus  and 
standards  on  the  performance  of  protective  equipment, 
such  as  lightning  and  surge  arresters,  All  equipment 
associated  with  electric  power  transmission  and  distri¬ 
bution  facilities  is  designed,  tested  and  protected  in 
accordance  with  these  industry  wide  lightning  stan¬ 
dards:  The  result  is  that  whereas  thousands  of  light¬ 
ning  strikes  occur  daily  to  electric  utility  systems,  very 
few  power  outages  are  now  attributable  to  lightning. 

Early  research  on  aircraft:  Lightning  standards  for 
aircraft  emerged  at  a  later  date.  The  Lovettsville, 
Virginia  accident  described  in  Chapter  4  prompted  re¬ 
search  into  the  possible  effects  of  lightning  on  aircraft 
and  several  of  the  utility  laboratories  were  called  upon 
to  provide  test  facilities  and  lightning  expertise.  Dur¬ 
ing  the  next  15  years,  several  other  accidents,  involving 
ignition  of  fuel  vapors,  were  thought  to  have  resulted 
from  lightning  strikes.  Additional  research  and  test¬ 
ing  programs  Were  prompted  by  these  accidents.  Most 
of  this  work  was  conducted  at  the  General  Electric 
Company  High  Voltage  Laboratory  in  Pittsfield,  Mas¬ 
sachusetts  and  the  National  Bureau  of  Standards  High 
Voltage  Laboratory  near  Gaithersburg,  Maryland,  un¬ 
der  sponsorship  of  airciaft  manufacturers,  the  Civil 
Aeronautics  Board  and  the  National  Advisory  Com¬ 
mittee  for  Aeronautics  (NACA),  the  predecessor  of 
NASA. 

Original  airplane  standards:  The  first  airplane  light¬ 
ning  protection  design  and  test  standards  were  pub¬ 
lished  by  the  Federal  Aviation  Agency  (FAA)  in  its 
Advisory  Circular  25-3  [5.7]  and  by  the  US  Depart¬ 
ment  of  Defense  (DOD)  in  military  standard  M1L-B - 
5087  [5.1].  Both  of  these  documents  appeared  in  the 
mid  1950’s,  AC  25-3 ,  reprinted  somewhat  later  as  AC 
20-53 ,  dealt  exclusively  with  lightning  protection  of 
airplane  fuel  systems.  MIL-B-5087  dealt  exclusively 
with  provision  of  electrical  banding  in  airplane  struc¬ 
tures  and  apparatus.  These  were  the  areas  of  greatest 
concern  at  the  time. 

Defined  lightning  threat:  AC  20-53  and  MIL-B-5087 
each  defined  the  lightning  threat  as  a  200  kiloampere 
(kA)  peak  current  with  a  unidirectional  waveshape,  a 
rate-of-rise  of  100  kA/ps  and  a  decay  time  to  50% 
of  peak  amplitude  of  about  50/rs.  This  represented 
a  severe  first  return  stroke  in  a  cloud-to-earth  flash. 
AC  20-53  also  defined  an  intermediate  and  cont  inuing 
current  component,  but  MIL-B-5087  included  only  the 
return  stroke  in  its  defined  environment. 
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Both  documents  required  tests  of  critical  compo¬ 
nents,  Such  as  fuel  tank'skins,  access  panels,  filler  caps, 
antenna  installations,  and  other  “points  of  entry"  6n 
the  aircraft.  No  attention  was  given  to  the  effects  of 
currents  conducted  through  interior  structures  or  sys¬ 
tems,  or  to  indirect  effects  of  lightning  on  electrical 
and  avionics  systems.  These  latter  effects  were  not 
well  understood  during  this  period. 

5.5.2  Experience  With  Early  Aircraft 
Standards 

Most  of  the  early  aircraft  lightning  protection  de¬ 
sign  activities  were  focused  on  protection  against  the 
direct  or  physical  damage  effects  of  lightning,  such  as 
deformation  of  lightweight  metallic  Structures,  melting 
of  holes  through  fuel  tank  skins,  puncture  of  dielectric 
surfaces,  such  as  radomes  and  canopies,  and  preven¬ 
tion  of  electrical  arcing  at  structural  interfaces  in  fuel 
tanks.  The  required  testing  was  carried  out  by  ex¬ 
isting  utility  manufacturer  laboratories,  such  as  GE 
and  Westinghouse,  and  by  several  small  specialty  or¬ 
ganizations  such  as  Lightning  arid  Transients  Research 
Institute.  The  stroke  currents  required  by  the  speci¬ 
fications  were  produced  by  charged  capacitor  banks 
discharged  through  waveshaping  impedances  into  the 
test  specimens. 

Unidirectional  current  waves:  However,  it  was  not 

possible  to  obtain  the  unidirectional  waveshapes  spec¬ 
ified  in  AC  20-53  and  MIL-B-5087  with  the  existing 
capacitor  banks,  even  those  available  at  the  largest 
electrical  equipment  manufacturers’  laboratories.  The 
reason  for  this  is  that  the  specified  unidirectional  cur¬ 
rent  requires  an  overdamped  test  circuit  including  an 
excessive  amount  of  resistance.  The  resistance  usu¬ 
ally  limits  the  peak  current  to  amplitudes  of  100  kA 
and  below,  with  most  of  the  energy  originally  stored  in 
the  capacitor  bank  being  dissipated  in  the  test  circuit 
resistance,  instead  of  the  test  specimen.  The  perfor¬ 
mance  of  test  equipment,  and  some  of  the  tradeoffs 
between  generator  size  and  waveshape,  are  discussed 
further  in  §6.8. 

Oscillatory  currant  waves:  Since  the  specified  over¬ 
damped  waveform  could  not  be  readily  produced,  lab¬ 
oratories  instead  provided  a  damped  sinusoid  wave¬ 
form.  This  required  less  circuit  resistance  and  allowed 
the  specified  200  kA  peak  current  amplitude  to  be 
achieved.  Unfortunately,  the  frequency  and  time  dura¬ 
tion  of  the  damped  sinusoid  currents  varied  among  lab¬ 
oratories,  since  the  testing  equipment  had  been  built 
for  purposes  other  than  the  testing  of  aircraft  equip¬ 
ment.  There  being  no  standardized  definition  of  a 
damped  sinusoid  test  current,  a  wide  variety  of  fre¬ 
quencies  and  time  durations  were  utilized. 


Three  typical  damped  sinusoids,  all  with  200  kA 
peak  amplitudes,  are  illustrated  on  Fig.  5.1.  As  illus¬ 
trated  in  this  figure,  there  is  a  significant  difference  in 
overall  time  duration  and  energy  associated  with  each 
of  the  illustrated  test  currents.  Clearly,  the  amount  of 
damage  that  would  be  inflicted  on  a  test  specimen  by 
current  waveform  A1  is  much  less  than  that  inflicted  by 
waveform  A2  and  greater  than  that  of  A3.  This  situ¬ 
ation  was  a  significant  shortcoming  in  the  early  light¬ 
ning  test  standards,  and  became  especially  apparent 
with  the  emergence  of  advanced  composite  structures, 
which  are  more  sensitive  to  the  effects  of  energy  dis¬ 
sipation  than  were  conventional  aluminum  structures. 
Standards  now  define  the  Action  Integral  of  the  cur¬ 
rent  wave  as  well  as  the  peak  amplitude.  Action  Inte¬ 
gral  is  discussed  further  in  §5.5.3. 


Fig.  5.1  Three  typical  damped  sinusoid  test 
currents  prior  to  SAE  standard. 

Strike  zones:  An  additional  shortcoming  in  the  early 
airplane  lightning  standards  was  the  complete  absence, 
in  MIL-B-5087,  or  poor  definition,  in  AC  20-53,  of 
lightning  strike  zones.  Strike  zones  are  the  means  by 
which  the  lightning  environment  is  applied  to  spe¬ 
cific  airplane  surfaces  and  structures.  The  original 
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zone  definitions  did  not  distinguish  between  surfaces 
which  were  trailing  edges  and  those  which  were  lead¬ 
ing  edges  or  frontal  surfaces,  even  though  the  duration 
of  lightning  attachment  to  these  types  of  surfaces  is 
significantly  different.  It  is  well  known,  for  example, 
that  lightning  currents  frequently  melt  holes  in  trail¬ 
ing  edges  where  the  flash  may  hang  on  for  prolonged 
periods,  whereas  holes  are  infrequent  in  frontal  or  side 
surfaces  of  an  aircraft. 

Test  methods  and  indirect  effects:  Finally,  the  early 
standards  failed  to  define  acceptable  test  methods,  and 
did  not  address  indirect  effects  on  aircraft  electrical 
and  electronic  systems.  Lightning  related  accidents 
continued  to  occur,  even  to  aircraft  protected  in  ac¬ 
cordance  with  AC  20-53  and  MIL-B-5087. 

5.5.3  SAE  Committee  AE-4L  (Lightning) 

Recognizing  the  above  deficiencies,  the  FAA  and 
DOD  in  1972  requested  the  Society  of  Automotive  En¬ 
gineers  (SAE)  committee  on  electromagnetic  compati¬ 
bility  (SAE-AE-4)  to  form  a  subcommittee  to  develop 
improved  aircraft  lightning  protection  design  and  test 
standards.  The  new  subcommittee  included  lightning 
phenomenologists  and  specialists  in  aircraft  lightning 
protection  design  and  testing.  The  committee  was  des¬ 
ignated  special  task  F  and  later  given  the  permanent 
designation,  AE-4L  (lightning).  This  committee  has 
functioned  continuously  since  1972  and  has  become  the 
US  focal  point  for  development  and  standardization  of 
aircraft  lightning  protection  requirements. 

A,  B,  C  and  D  current  components:  The  first  task  ac¬ 
complished  by  the  SAE  lightning  committee  was  to  de¬ 
velop  a  standard  lightning  environment  for  design  and 
test  purposes,  synthesized  from  the  available  natural 
lightning  data.  The  result,  which  was  first  published 
in  1975  as  a  committee  report  entitled  Lightning  Test 
Waveforms  and  Techniques  for  Aerospace  Vehicles  and 
Hardware  [5  8],  included  a  standard  severe  lightning 
flash  current  waveform  comprised  of  four  current  com¬ 
ponents,  designated  A ,  B,  C  and  D  and  illustrated  in 
Fig.  5.2,  together  with  a  set  of  test  methods  for  utiliz¬ 
ing  the  standardized  currents.  One  of  the  important 
sources  of  natural  lightning  data  drawn  upon  by  the 
SAE  Committee  in  formulating  this  standard  was  the 
compendium  of  world-wide  cloud-to-earth  lightning 
data  published  by  Cianos  and  Pierce  [5.9]. 

Component  A  represents  the  first  return  stroke 
of  a  cloud-to-earth  flash  and  component  D  is  a  single 
subsequent  stroke.  Components  B  and  C  represent  in¬ 
termediate  and  continuing  currents.  The  electrical  pa¬ 
rameters  comprise  a  severe  version  (but  not  the  most 
severe  possible)  of  each  of  these  important  character¬ 
istics  of  cloud-to-earth  lightning  flashes.  Very  little 


data  was  available  in  the  1972-1975  time  period  on 
cloud-to-cloud  or  intra-cloud  flashes,  although  these 
were  generally  believed  to  be  less  intense  than  the 
cloud-to-earth  variety  upon  which  the  new  standard 
was  based. 

Recognizing  that  the  physical  damage  to  aircraft 
structures,  including  arcing  among  structural  joints  in 
fuel  tanks,  was  more  dependent  upon  peak  current  am¬ 
plitude  and  overall  time  duration  than  upon  the  ac¬ 
tual  waveform  of  stroke  currents,  and  that  generation 
of  a  unidirectional  200  kA  first  return  stroke  current 
was  not  likely  to  become  feasible,  the  new  specifica¬ 
tion  allowed  for  application  of  either  unidirectional  or 
damped  sinusoid  currents  as  long  as  the  peak  ampli¬ 
tude,  action  integral  and  overall  time  duration  were 
adhered  to.  Subsequent  studies  undertaken  by  the 
committee  showed  that  physical  damage  is  indeed  re¬ 
lated  to  these  parameters,  while  not  to  the  specific 
waveform. 

Action  integral:  The  Action  Integral,  AI,  is  the  time 
integral  of  the  current  squared  and  represents  the  abil¬ 
ity  of  the  current  to  deposit  energy  in  a  resistive  object. 
The  expression  for  action  integral  is  given  by  Eq.  5.1. 


where 

i(t)  =  time  varying  lightning  stroke  current  -  A 
t  =  time  -  s 

Action  integral,  multiplied  by  specimen  resistance 
(assumed  constant),  gives  the  energy  dissipated  in  the 
specimen,  as  shown  in  Eq.  5.2. 

W  =  AI  x  R  (5.2) 

where 

W  =  energy  -  joules  or  watt-seconds 
R  =  specimen  or  structure  resistance  -  ohms 

Elactric  fiald  wavs  forms:  The  new  SAE  lightning  en¬ 
vironment  also  included  several  voltage  waveforms  in¬ 
tended  to  represent  the  electric  field  surrounding  an 
aircraft  immediately  preceding  lightning  attachment. 
These  waveforms,  designated  voltage  waveforms  A,  B, 
C  and  D ,  are  used  in  tests  to  evaluate  possibilities  of 
puncture  of  dielectric  (non-conducting)  materials  such 
as  radomes,  windshields  and  canopies.  Other  tests 
were  designed  to  evaluate  fuel  vapor  ignition  due  to 
corona  and  streamers  occurring  near  fuel  vent  outlets. 
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COMPONENT  A;  Initial  itrok* 

Paak  amplitud*  ■  300  kA  t  10% 

Action  intogral  ■  3  x  10®  A*'»  *  30% 
Tim*  duration  <  600  pi 

COMPONBNT  C:  Continuing  currtnt 
Charg*  tuntftr  ■  300  ooulombi  t.  30% 
Amplitud*  •  300-B00A 

COMPONENTS;  Intarmadlat* currant 
Maximum  eharg*  tranifar  ■  10  coulomb* 
Average  amplitud*  •  3  k  A  *  10% 

COMPONENT  0:  Rattrlk* 

Peak  amplitud*  *  100  kA  t  10% 

Action  Integral  ■  0.36  x  10®  A^-t  i  30% 
Tim*  duration  <  BOO  Mi 


Fig.  5,2  SAE  lightning  flash  current  components. 


SAE  “Red  book”:  The  SAE  committee  report  [6.8] 
rapidly  became  the  US  standard  for  aircraft  design  and 
certification  testing.  It  quickly  became  known  as  the 
SAE  “red  book”,  after  the  color  of  its  cover. 

SAE  “Blue  book”:  Beginning  in  1974,  the  SAE  Com¬ 
mittee  had  begun  coordinating  its  work  with  similar 
lightning  standardization  activities  taking  place  in  the 
UK  and  Europe.  An  in-depth  review  of  proposed 
standards  was  held  at  Culham  Laboratory  at  Oxford, 
UK  in  1975,  resulting  in  changes  and  improvements  in 
some  details. 

Following  the  US/UK/Europe  deliberations  of 
1975,  and  a  period  of  industry  use  and  comment,  the 
SAE  Committee  published  in  1978  a  slightly  revised 
set  of  standards  in  its  report  entitled:  Lightning  Teat 
Waveforms  and  Techniques  for  Aerospace  Vehicles  and 
Hardware  [5.10].  This  document  superseded  [5.8]  and 
was  given  a  blue  cover.  It  soon  became  known  as 
the  “blue  book”  and  continued  as  the  US  standard 
for  aircraft  protection  design  and  certification  testing, 
of  both  civil  and  military  aircraft.  Foreign  certify¬ 
ing  agencies  have  accepted  this  standard  via  bilateral 
agreements. 

The  SAE  “red  book”  and  “blue  book”  defined  the 
lightning  environment,  strike  zones,  and  test  methods, 
but  did  not  define  lightning  protection  requirements 
or  pass/fail  criteria.  These  were  left  to  individual  con¬ 
tracts,  in  the  case  of  military  aircraft,  and  to  FAA 
regulations  applicable  to  civil  aircraft. 

The  SAE  and  corresponding  UK/Europe  stan¬ 
dards  of  the  1975-1978  era  focused  mostly  on  direct  ef¬ 
fects,  as  mechanisms  of  indirect  effects  and  test  meth¬ 
ods  for  evaluating  them  were  not  yet  fully  understood 


or  widely  agreed  upon  by  specialists.  Research,  devel¬ 
opment  and  standardization  activities  in  these  areas 
have  continued  in  the  US  and  Europe  since  1975,  with 
the  result  that  there  is  today  widespread  agreement 
on  methods  to  design  and  verify  protection  against 
indirect  effects.  Also,  research  has  continued  world¬ 
wide  into  other  aspects  of  the  natural  lightning  envi¬ 
ronment,  such  as  characteristics  of  intra-cloud  flashes 
and  mechanisms  of  aircraft  lightning  interaction.  Re¬ 
sults  of  this  research  have  begun  to  be  incorporated 
into  recent  standards  documents. 

5.5.4  NASA  Space  Shuttle  Lightning 
Criteria 

The  NASA  Space  Shuttle  program  was  announced 
in  1970  and  shortly  thereafter  NASA  convened  a  panel 
of  lightning  phenomenologists  and  test  specialists  to 
formulate  a  standard  lightning  environment  and  other 
requirements  for  the  Space  Shuttle  program.  Concern 
regarding  potential  lightning  hazards  to  the  Shuttle 
was  high  due  to  the  earlier  NASA  experience  with  a 
lightning  strike  to  the  Apollo  12  mission  during  launch, 
and  to  other  lightning  hazards  experienced  by  earlier 
NASA  and  DOD  vehicles  and  launch  facilities.  The 
result  of  this  activity  was  publication  in  1973  of  the 
Shuttle  Lightning  Criteria  Document ,  designated  JSC 
07636  [5.11].  This  document  presented  a  lightning  en¬ 
vironment,  vehicle  protection  requirements,  and  cer¬ 
tain  basic  design  guidelines  for  use  by  the  Shuttle  el¬ 
ement  contractors  in  meeting  the  protection  require¬ 
ments. 

All  of  these  deliberations  and  the  publication  of 
JSC  07636  predated,  and  significantly  influenced,  the 


activities  of  the  SAE  committee.  Shortly  thereafter, 
a  companion  document,  Shuttle  Lightning  Verifica¬ 
tion  Document ,  designated  JSC  20007,  was  published 
[5.12].  This  document  set  forth  the  requirement  for 
verifying  the  adequacy  of  protection  design.  It  de¬ 
scribed  test  waveforms  and  methods  for  evaluating  ad¬ 
equacy  of  protection  against  direct  and  indirect  effects, 
and  also  included  certain  analysis  methods  to  be  used 
for  indirect  effects  evaluations.  Some  sections  of  JSC 
20007  had  been  included  in  the  initial  issue  of  JSC 
07636. 

Shuttle  lightning  environment:  The  lightning  envi¬ 
ronment  contained  in  JSC  07636  was  also  based  upon 
the  known  cloud-to-earth  environment  described  by 
Cianos  and  Pierce  in  [5.9].  The  Shuttle  lightning  envi¬ 
ronment  differed  somewhat  from  the  later  SAE  stan¬ 
dard  in  that  several  additional  components  were  in¬ 
cluded  in  the  idealized  current  waveform.  The  peak 
amplitude  of  the  first  return  stroke  (200  kA),  total 
charge  transfer  and  other  key  aspects  were  nearly  the 
same. 

The  idealized  waveform  described  in  JSC  07636 
was  intended  for  purposes  of  analysis  and  the  intent 
was  never  to  require  that  it  be  duplicated  for  tests,  per¬ 
missible  test  waveforms  being  described  in  JSC  20007. 
It  was  also  described,  for  ease  of  analysis,  by  straight 
line  segments  between  specified  break  points.  Some 
have  ascribed  undue  importance  to  the  segments  and 
breakpoints,  even  to  the  point  of  calling  for  test  gener¬ 
ators  that  produce  straight  line  waveforms.  Such  was 
never  the  intent  of  the  idealized  waveform. 

Because  of  the  immediate  need  to  translate  light¬ 
ning  standards  into  hardware  design  features,  empha¬ 
sis  in  the  NASA  Shuttle  Lightning  Criteria  Document 
was  placed  upon  specific  design  guidelines.  Less  em¬ 
phasis  was  placed  on  test  methodology,  as  this  tech¬ 
nology  area  had  not  yet  advanced  to  the  point  where 
standardized  methods  could  be  described. 

TCL\  and  ETOL’s:  The  Shuttle  lightning  criteria 
and  verification  documents  were  applied  in  design  and 
verification  of  the  major  Shuttle  elements  (Orbiter, 
External  Tank  and  Solid  Rocket  Boosters).  These 
documents  placed  a  major  emphasis  on  protection 
against  indirect  effects,  and  required  the  establishment 
of  Transient  Control  Levels  (TCL’s)  and  Equipment 
Transient  Design  Levels  (ETDL’s)  for  flight  critical 
electrical  and  avionic  systems.  The  TCL/ETDL  con¬ 
cept,  described  in  [5.13]  and  [5.14]  is  an  attempt  to 
provide  a  lightning  protection  philosophy  for  electronic 
equipment  similar  in  concept  to  the  insulation  coordi¬ 
nation  philosophy  used  in  the  electric  power  industry. 

This  methodology  is  becoming  more  widely  used 
in  aircraft  lightning  protection  design  and  certification 
programs  and  establishment  of  TCL’s  and  ETDL's  is 


one  of  the  procedures  called  for  in  the  forthcoming  ad¬ 
visory  circular  on  protection  of  electrical  and  electronic 
systems  [5.4],  This  procedure  is  the  key  to  successful 
protection  of  these  systems,  and  is  discussed  more  fully 
in  Chapter  15. 

A  large  amount  of  testing  and  analyses  were  con¬ 
ducted  during  the  design  phase  to  establish  transient 
levels  expected  to  occur  in  inter-connecting  wiring 
during  a  lightning  strike  to  the  vehicles  and  to  ver¬ 
ify  that  flight  critical  equipment  could  tolerate  this 
environment. 

This  was  the  first  time  that  such  a  comprehensive 
standard  and  set  of  specifications  had  been  developed 
and  applied  to  a  major  aerospace  program  and  this 
standardization  activity  was  largely  successful.  Ba¬ 
sic  protection  requirements  such  as  electromagnetic 
shielding  of  inter-connecting  cables,  electrical  bonding 
of  critical  structures,  isolation  of  certain  flight  critical 
circuits,  separation  of  critical  wiring  types,  and  other 
features  flowed  into  contractor  design  and  quality  con¬ 
trol  specifications  from  the  Shuttle  lightning  criteria 
and  verification  documents. 

5.5.5  Recent  Standardization  Activities 

After  a  period  of  industry-wide  experience  in  the 
late  1970’s,  DOD  and  FAA  formally  adopted  the  SAE 
lightning  criteria  in  several  standards  and  specifica¬ 
tions  pertaining  to  military  and  civil  aircraft.  In  1980, 
DOD  issued  MIL-STD-1757  [5.6]  which  embodied  the 
same  lightning  environment  as  published  earlier  in  the 
SAE  report  Lightning  Test  Waveforms  and  Techniques 
for  Aerospace  Vehicles  and  Hardware  [5.10].  The  doc¬ 
ument  also  discussed  tests  and  test  methods.  In  1983 
MIL-STD-1 757  was  reissued  as  revision  A  with  an  ap¬ 
pendix  which  contained  additional  discussion  of  each 
test  method.  Shortly  thereafter,  in  1984,  FAA  issued 
a  revised  version  of  AC  20-53 ,  designated  Revision  A 
[5.2]  which  also  embodied  the  SAE  lightning  criteria. 
This  advisory  circular  addresses  lightning  protection 
of  aircraft  fuel  systems. 

MIL-STD-1795:  In  1986  DOD  issued  its  new  MIL- 
STD-1  795,  Military  Standard  Lightning  Protection  of 
Aerospace  Vehicles  and  Hardware  [5.5],  which  defines 
lightning  protection  requirements  for  military  aircraft. 
This  document  supercedes  the  brief  lightning  require¬ 
ments  contained  in  MIL-B-5087  referred  to  earlier. 
Also,  it  places  equal  emphasis  on  indirect  and  direct 
effects  protection  and  incorporates  double  exponential 
descriptions  of  each  of  the  lightning  current  compo¬ 
nents  for  use  in  evaluation  of  indirect  effects. 

In  1985,  FAA  announced  the  proposal  to  estab¬ 
lish  a  new  regulation  requiring  lightning  protection  for 
flight  critical/essential  electrical  and  avionic  systems 
referred  to  in  §5.3.  Supporting  this  new  regulation 
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will  be  a  new  advisory  circular  which  will  define  the 
lightning  environment  and  methodology  to  be  used  to 
verify  compliance  with  the  new  regulation.  SAE  Com¬ 
mittee  AE-4L  was  tasked  by  FAA  to  draft  the  new 
advisory  circular. 

SAE  "Orange  book”:  The  result  of  this  activity  has 
been  published  in  the  SAE  Committee  AE-4L  report 
Recommended  Draft  Advisory  Circular:  Protection  of 
Aircraft  Electric&l/Electronic  Systems  Against  the  In¬ 
direct  Effects  of  Lightning  [5.4].  This  document,  which 
is  more  commonly  known  as  the  “orange  book”,  is 
now  in  wide  use  as  a  de  facto  standard  for  certification 
of  flight  critical  or  essential  systems  aboard  transport 
category  aircraft. 

MIL-STD-1 795  and  the  SAE  “orange  book”  both 
embody  the  original  SAE  lightning  current  and  volt¬ 
age  components  which  were  derived  from  the  cloud- 
to-earth  lightning  environment  originally  compiled  by 
Cianos  and  Pierce.  Subsequent  reviews  of  this  envi¬ 
ronment  have  been  conducted  by  the  SAE  committee 
and  UK/European  standards  organizations,  and  ad¬ 
ditional  references  compiling  data  obtained  after  the 
Cianos  and  Pierce  publication  have  also  become  avail¬ 
able.  One  such  reference  is  that  compiled  by  Anderson 
and  Erickson  [5.15].  Careful  review  of  this  data  shows 
that  the  original  Cianos  and  Pierce  database  is  still 
representative  of  the  cloud-to-earth  lightning  environ¬ 
ment.  Thus,  no  changes  in  this  part  of  the  lightning 
standards  have  been  appropriate. 

The  advent  of  full  authority  control  systems  em¬ 
ploying  sensitive  microelectronics  began  to  focus  at¬ 
tention  on  other  aspects  of  the  lightning  environ¬ 
ment  including  the  characteristics  of  intra-cloud  and 
cloud-to-cloud  lightning  strikes  encountered  by  air¬ 
craft.  Whereas  the  amplitude  and  action  integrals 
of  the  currents  in  these  strikes  was  believed  to  be 
less  than  those  associated  with  cloud-to-earth  flashes, 
other  aspects,  such  as  peak  rates  of  change  of  current 
and  multiplicity  of  pulses,  were  of  concern,  as  was  the 
need  for  better  understanding  of  the  locations  of  strike 
zones  and  the  interaction  of  lightning  flash  channels 
with  aircraft. 

Research  programs:  For  these  reasons,  several  re¬ 
search  programs  were  implemented,  beginning  in  1980, 
to  study  the  intra-cloud  and  cloud-to-cloud  lightning 
environment.  In  these  programs,  which  were  spon¬ 
sored  by  NASA,  the  US  Air  Force,  FAA,  and  the 
FYench  government,  aircraft  were  instrumented  with 
devices  capable  of  sensing  and  recording  electrical  pa¬ 
rameters  of  in-flight  lightning  strikes.  The  results  of 
these  programs,  which  are  reviewed  in  Chapter  3,  have 
been  widely  published  and  several  aspects  of  the  intra¬ 
cloud  lightning  environment  have  been  incorporated  in 


the  moat  recent  aircraft  lightning  standards,  such  as 
MIL-STD-179S  and  the  SAE  “orange  book". 

Multiple  burst  environment:  The  most  important 
of  these  is  the  “multiple  burst”  environment,  com¬ 
prised  of  a  large  number  of  comparatively  low  ampli¬ 
tude  current  pulses  characterized  by  high  rates-of-rise 
and  short  duration,  and  occurring  randomly  over  the 
lifetime  of  the  flash.  Examples  of  typical  intra-cloud 
lightning  flash  currents  are  presented  in  Chapter  3. 

5.5.6  The  Standardized  Environment 

The  standardized  lightning  environment  defined 
in  [5.2]  and  [5.4]  is  in  present  use  for  aircraft  design 
and  certification  purposes.  This  environment  is  a  com¬ 
bination  of  individual  waveforms  which  have  been  syn¬ 
thesized  from  the  important  characteristics  of  natural 
lightning  flashes  described  in  Chapters  2  and  3  for  cer¬ 
tification  purposes.  The  waveforms  of  components  A, 
5,  C,  and  D  are  derived  from  cloud -to-ground  light¬ 
ning  discharges.  Component  H  represents  additional 
characteristics  of  intracloud  and  cloud-to-cloud  dis¬ 
charges. 

There  are  five  current  component  waveforms  (A, 
B,  C,  D  and  H)  that  are  applied  as  appropriate  to  the 
lightning  strike  zone(s)  in  which  system  is  located.  To¬ 
gether  these  components  constitute  the  external  light¬ 
ning  current  environment.  They  are  defined  as  follows: 

Component  A  -  Initial  High  Peak  Current:  Com¬ 
ponent  A  has  a  peak  amplitude  of  200  kA,  an  action 
integral  of  2  x  102  A2-s  and  a  double  exponential  wave¬ 
form.  This  waveform,  represents  a  first  return  stroke 
of  200  000  amperes  at  a  rate-of-rise  of  1  x  10u  A/s  at 
t  =  0.5/rs.  It  has  a  peak  rate  of  rise  of  1.4  x  10n  A/s 
at  t  =  0+.  This  waveform  is  defined  mathematically 
as 

*«)  =  Jo  [*-»•-«-*]  (5.2) 

where 

Jo  =  218810  A 
o  =  11354  s-1 
0  =  647265  s'1 
t  =  time  s 

The  waveform  is  shown  in  Fig.  5.3. 

The  constants  in  Eq.  5.3  are  given  to  multi- 
digit  precision  only  for  dimensional  consistency  and 
it  should  not  be  inferred  that  the  actual  lightning  en¬ 
vironment  is  known  to  'that  precision,  or  that  tests 
made  to  duplicate  that  environment  must  duplicate 
such  precision  or  that  such  precision  has  any  engineer¬ 
ing  value. 
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Component  B  -  Intermediate  Current:  Component 
B  has  an  average  amplitude  of  2  kA  and  a  charge  trans¬ 
fer  of  10  coulombs.  For  analysis,  a  double  exponential 
current  waveform  should  be  used.  This  waveform  is 
again  described  mathematically  as 

i(f)-/o{e-rt-e-*]  (5.4) 

where 


Component  C  -  Continuing  Current:  Component  C 
is  a  rectangular  waveform  delivering  200  coulombs  of 
charge  at  a  rate  of  between  200  A  and  800  A,  in  a  time 
period  of  between  0.25  s  and  1  s.  For  analysis  purposes, 
a  rectangular  waveform  of  400  A  for  a  period  of  0.5 
second  should  be  utilized.  This  component  transfers  a 
charge  of  200  coulombs.  The  primary  purpose  of  this 
waveform  is  charge  transfer.  The  waveform  is  shown 
in  Fig.  5.4(a). 


J0  =  11300  A 
a  =  700  s_1 
0  =  2000  s-1 
t  =  time  s 

The  waveform  is  also  shown  in  Fig.  5.3. 


Component  D  •  Restrike  Current:  Component  D 
has  a  peak  amplitude  of  100  kA  and  an  action  integral 
of  0.25  x10s  A2  *s.  This  waveform  represents  a  restrike 
of  100  000  amperes  peak  at  a  rate  of  rise  of  1 X 1011  A/s 
at  t  =  0.25  s  and  a  peak  rate  of  rise  of  1.4  x  10n  A/s  at 
t  =  0+.  The  waveform  is  again  defined  mathematically 
as 


Fig.  5.3  Waveforms  of  current  components 
A  and  B. 

(a)  Component  A  overall 

(b)  Component  A  front 

(c)  Component  B 


Fig.  5.4  Waveforms  of  current  components 
B  and  D. 

(a)  Component  C 

(b)  Component  D  overall 

(c)  Component  D  front 
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J0  *  109406  A 
a  =  22708  s”1 
13  =  1294630  a-1 
t  »  time  a 

The  current  waveform  is  alao  shown  in  Fig.  5.4. 

Component  H  -  High  rate  of  rise  current:  Compo¬ 
nent  H  has  a  peak  current  of  10  kA  and  a  peak  rate  of 
rise  of  2  x  1011  A/s  at  t  =  0+.  The  waveform  is  defined 
mathematically  as 

*'(<)  =  Jo  (5-6) 

where 

Jo  ■  10572  A 
a  =  187191  s"1 
0  =  19105  s_1 
t  =  time  s 

The  current  waveform  is  shown  in  Fig.  5.6. 

Application:  Current  components  A,  B,  C,  D  and  H 
together  comprise  the  important  characteristics  of  a 
severe  natural  lightning  flash  current  although  not  all 
of  the  components  may  attach  everywhere  on  the  air¬ 
craft.  Components  A,  B,  D  and  H  are  described  by 
double  exponential  expressions  to  provide  the  impor¬ 
tant  waveshape  characteristics  such  as  rise  and  decay 
times,  rate  of  rise,  peak  amplitude  and  charge  trans¬ 
fer  or  action  integral.  Component  C  is  a  rectangular 
current  pulse  that  transfers  mo3t  of  the  charge  in  a 
lightning  flash.  The  current  components  applicable  to 
specific  areas  are  shown  in  Table  5.2,  which  relates 
the  current  components  to  the  lightning  strike  zones. 
Guidance  for  locating  strike  zones  on  a  particular  air¬ 
craft  is  presented  in  §5.6.1. 

Table  5.2 

Currant  Component*  Applicable  in  Various  Zona* 
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A  typical 

cloud-to-ground 

lightning  flash  con- 

tains  more  than  one  restrike,  a  severe  version  of  which 
is  represented  by  component  D.  In  fact,  flashes  con¬ 


taining  up  to  24  strokes  have  been  recorded.  For  pro¬ 
tection  against  direct  effects,  it  is  adequate  to  consider 
only  one  return  stroke  or  restrike  (Component  A  or  D) 
because  this  is  assumed  to  occur  anywhere  within  the 
appropriate  strike  zone  (15,2/1  or  25).  However,  for 
evaluation  of  indirect  effects  it  is  necessary  to  consider 
the  multiple-stroke  nature  of  an  actual  lightning  flash, 
because  the  succession  of  strokes  may  induce  corre¬ 
sponding  pulses  in  data  transfer  circuits  (for  example) 
causing  upset  or  cumulative  damage  to  sensitive  sys¬ 
tems  or  devices.  For  this  purpose,  the  following  multi¬ 
ple  stroke  flash  has  been  defined,  using  as  a  basis  the 
definitions  of  components  A  (first  return  stroke)  and 
D  (restrike). 

Multiple  stroke:  The  synthesized  multiple  stroke 
waveform  is  defined  as  an  A  current  component  fol¬ 
lowed  by  23  randomly  spaced  restrikes  of  peak  ampli¬ 
tude  of  50  000  amperes  each.  This  waveform  is  shown 
in  Fig.  5.5.  The  23  restrikes  occur  over  a  period  of  2 
sec  according  to  the  following  constraints. 

-  The  minimum  time  between  subsequent  strokes  is 

10  ms. 

-  The  maximum  time  between  subsequent  strokes 

is  200  ms. 

The  restrikes  have  waveform  parameters  identical 
to  the  D  current  component  with  the  exception  that 
Jo  =  54  703  amperes.  Because  most  of  an  airframe 
is  located  within  zone  3  as  well  as  one  or  more  of  the 
other  zones,  the  multiple  stroke  environment  is  nearly 
always  applicable.  However,  there  may  be  special  cases 
in  zone  2  where  the  aircraft  system  or  subsystem  and 
its  wiring  is  isolated  from  the  effects  of  the  initial  A 
current  component  and  is  therefore  not  exposed  to  the 
A  component  current  or  fields.  In  these  special  cases, 
the  multiple  stroke  still  applies  but  the  first  current 
component  can  be  reduced  from  a  peak  of  200  000 
amperes  to  100  000  amperes.  The  applicant  should 
coordinate  this  reduction  in  multiple  stroke  environ¬ 
ment  with  the  FAA  on  a  case  by  case  basis. 


Fig.  5.5  Multiple  stroke  flash. 
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Multiple  bunt;  The  recommended  waveform  consists 
of  repetitive  component  H  waveforms  in  24  sets  of  20 
pulses  each,  distributed  over  a  period  of  up  to  two 
seconds,  as  shown  in  Fig.  5.6.  The  minimum  time 
between  individual  component  H  pulses  within  a  burst 
is  10  ns  and  the  maximum  is  50  /is.  The  24  bursts 
are  distributed  over  a  period  of  2  sec  according  to  the 
following  constraints: 

-  The  minimum  time  between  subsequent  strokes  is 
10  ms. 

-  The  maximum  time  between  subsequent  strokes 
is  200  ms. 


The  multiple  stroke  and  multiple  burst  environ¬ 
ments  are  not  intended  to  be  applied  to  the  full  vehicle 
in  a  test.  The  multiple  stroke  and  burst  internal  envi¬ 
ronment  may  be  determined  by  testing  using  a  single 
component  to  obtain  the  transfer  function  of  interest, 
or  to  obtain  the  actual  transient  response  level.  The 
independent  responses  should  then  be  repeated  and 
spaced  as  described  in  Figs.  5.5  and  5.6  for  upset  as¬ 
sessment.  It  should  then  be  shown  by  analysis  or  test 
that,  by  virtue  of  system  design,  architecture,  hard¬ 
ware  or  software  measures,  there  is  sufficient  immunity 
or  recovery  of  the  system  from  this  environment. 

A  summary  of  the  parameters  of  the  idealized 
lightning  current  waveforms  is  given  in  Table  5.3. 


10  kA 


(b) 


~f  h 


W 


Twenty  four  bursts  distributed  over  2  seconds. 


Fig.  5.6  Multiple  burst  waveform. 

(a)  Overall  waveform 

(b)  Pattern  of  pulses  in  a  burst 

(c)  Waveform  of  an  individual  pulse 


Component  H  represents  a  high  rate  of  rise  pulse 
whose  amplitude  and  time  duration  are  much  less  than 
those  of  a  return  stroke.  Such  pulses  have  been  found 
to  occur  randomly  throughout  a  lightning  flash,  in¬ 
terspersed  with  the  other  current  components.  While 
not  likely  to  cause  physical  damage  to  the  aircraft  or 
electronic  components,  the  random  and  repetitive  na¬ 
ture  of  these  pulses  may  cause  interference  or  upset  to 
certain  systems. 


Zona  Application  of  Currant  Componanta:  Current 
components  A,  B,  C,  D  and  H  and  the  multiple- 
stroke  and  multiple  burst  waveforms  may  be  utilized 
for  analyses  or  test  purposes,  or  for  combinations 
thereof.  The  appropriate  current  component(s)  for 
each  zone  of  the  aircraft  are  shown  in  Table  5.2.  When 
the  area  of  interest  includes  more  than  one  zone,  the 
protection  assessment  shall  be  performed  utilizing  the 
zone  or  zones  with  the  most  severe  environment. 

Zoning  is  used  to  determine  the  current  path(s) 
through  the  aircraft  and  in  locating  the  particular 
path(s)  which  represent(s)  the  most  severe  threat  to 
the  structure  or  system  under  investigation.  For  most 
applications,  the  airframe  is  located  in  Zone  3  as  well 
as  one  or  more  of  the  other  zones  (i.e.  Zone  1A,  2A,  or 
2B).  The  current  components  from  Thble  5.5  are  then 
applied  together  with  the  multiple  stroke  and  multiple 
burst  environments  to  assess  the  potential  lightning 
effects  on  the  aircraft  structure  or  system,  and  verify 
adequacy  of  protection  designs. 

Tait  Waveforms:  The  idealized  severe  waveforms  in 
Section  1  are  appropriate  for  analysis,  but  they  are 
sometimes  difficult  to  apply  to  full  scale  components 
or  vehicles  in  a  test  program.  This  is  because  it  may 
become  prohibitively  costly  to  develop  and  operate 
simulators  which  can  deliver  the  severe  environments, 
especially  to  large  vehicles  such  as  transport  aircraft. 
Therefore,  the  approach  for  testing  will  frequently  in¬ 
volve  the  use  of  waveforms  other  than  the  idealized 
waveforms  of  Figs.  5.3  and  5.4.  However,  these  al¬ 
ternate  waveforms  must  have  the  property  that  test 
results  can  be  readily  extrapolated  or  scaled  to  those 
which  would  be  obtained  if  the  vehicle  were  tested  with 
the  idealized  waveforms.  Additional  discussion  of  test 
waveforms  and  methods  is  found  in  Chapters  6,  7  and 
18. 
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Idealized  Waveform  Parameters 
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These  equations  produce  the  relieving  characteristics: 
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5.6  Steps  in  Protection  Design  and 
Certification 


Stop  e  *  Design  lightning  protection:  Design  light¬ 
ning  protection  measures  for  each  of  the  systems 
and/or  components  in  need  of  protection. 


Experience  has  shown  that  the  most  successful 
lightning  protection  design  and  certification  programs 
have  occurred  when  the  work  is  conducted  in  a  logical 
series  of  steps.  In  this  case,  success  means  achievement 
of  a  satisfactory  protection  design  and  compliance  with 
the  regulations,  all  with  a  minimum  impact  on  over¬ 
all  weight  and  cost.  The  specific  steps  and  order  of 
occurrence  may  vary  somewhat  from  one  program  to 
another,  but  most  programs  include  the  following  ba¬ 
sic  steps. 

Stap  a  •  Determine  the  lightning  atrike  zone*:  De¬ 
termine  the  aircraft  surfaces,  or  zones,  where  lightning 
strike  attachment  to  the  aircraft  is  probable,  and  the 
portions  of  the  airframe  through  which  lightning  cur¬ 
rents  must  flow  between  these  attachment  points. 

Step  b  -  Establish  the  lightning  environment:  Es¬ 
tablish  the  component(s)  of  the  total  lightning  flash 
environment  to  be  expected  in  each  lightning  strike 
zone.  These  are  the  currents  that  must  be  protected 

against. 

Step  c  -  Identify  flight  critical/essential  compo¬ 
nents:  Identify  systems  and  components  that  might 
be  vulnerable  to  interference  or  damage  from  either 
the  direct  effects  (physical  damage)  or  indirect  effects 
(electromagnetic  coupling)  produced  by  lightning. 

Step  d  •  Establish  protection  criterioi  Determine  the 
systems  and/or  components  that  need  to  be  protected, 
based  on  safety-of-flight,  mission  reliability  or  mainte¬ 
nance  factors.  Establish  lightning  protection  pass-foil 
criteria  for  those  items  to  be  protected. 


Step  f  •  Verify  protection  adequacy:  Verify  the  ade¬ 
quacy  of  the  protection  designs  by  similarity  with  pre¬ 
viously  proven  designs,  by  simulated  lightning  tests 
or  by  acceptable  analysis.  When  analysis  is  utilized, 
appropriate  margins  may  be  required  to  account  for 
uncertainties  in  the  analytical  techniques.  Develop¬ 
mental  test  data  may  be  used  for  certification  when 
properly  documented  and  coordinated  with  the  certi¬ 
fication  agency. 

Variations  in  the  above  set  of  steps  in  use  for  de¬ 
sign  and  certification  of  fuel  systems  and  electrical  and 
avionic  systems  are  presented  in  [5.2]  and  [5.4],  respec¬ 
tively.  The  steps  to  be  followed  for  fuel  and  avionic 
systems  are  listed  below: 

Fuel  systems  [5.2] 

a.  Determine  the  lightning  strike  zones. 

b.  Establish  the  lightning  environment. 

c.  Identify  possible  ignition  sources. 

d.  Establish  protection  criteria. 

e.  Verify  protection  adequacy. 

Electrical  and  avionics  systems  [5.4] 

a.  Determine  the  lightning  strike  zones. 

b.  Establish  the  external  lightning  environment  for 
the  zones. 

c.  Establish  the  internal  environment. 


d.  Identify  aircraft  flight  critical/essential  systems, 
equipment  and  locations  on  or  within  the  aircraft. 

e.  Establish  Transient  Control  Levels  (TCL)  and 
Equipment  Transient  Design  Levels  (ETDL). 

f.  Verify  design  adequacy. 

Further  discussion  of  each  of  these  steps  follows. 

5.6.1  Step  a  -  Zone  Location 

The  lightning  strike  zones  are  defined  in  the  advi¬ 
sory  circulars  [5.2]  and  [5.4]  and  also  in  Chapter  3  of 
this  handbook.  The  first  step  in  a  protection  design 
and  certification  program  is  location  of  the  zones  on 
specific  aircraft. 

This  section  addresses  some  of  the  questions  that 
have  arisen  recently  concerning  establishment  of  zone 
locations  and  boundaries.  For  example,  an  aircraft 
nose  and  a  wing-mounted  engine  inlet  have  always 
been  considered  to  be  in  Zone  1 A  (a  direct  strike  zone 
with  low  probability  of  flash  hang-on),  but  the  possible 
rearward  extent  of  this  zone  has  not  often  been  estab¬ 
lished.  Whereas  a  lightning  leader  will  almost  always 
attach  to  the  forward  most  extremity  of  a  nose,  con¬ 
tinued  movement  of  the  aircraft  may  sweep  the  leader 
channel  alongside  the  fuselage  or  nacelle  for  a  finite 
distance  prior  to  completion  of  the  flash  and  arrival  of 
the  first  return  stroke  (which  is  included  in  the  Zone 
1A  environment). 

Rearward  extant  of  Zone  I:  In  the  past,  the  rearward 
extent  of  Zone  1A  has  been  of  little  interest  because 
most  fuselage  and  engine  nacelle  structures  have  had 
aluminum  skins  that  easily  withstand  Zone  1A  light¬ 
ning  currents.  Replacement  of  aluminum  skins  with 
advanced  composites,  however,  makes  this  aspect  of 
lightning  strike  zone  location  take  on  much  greater  im¬ 
portance.  Analysis  shows  that  for  some  aircraft,  Zone 
1A  may  extend  several  meters  aft  of  the  initial  leader 
attachment  point,  and  some  in-flight  lightning  strike 
incidents  tend  to  confirm  this.  The  altitude  and  speed 
of  the  aircraft  are  shown  to  be  important  factors  in 
establishing  zones,  and  in  determining  the  probability 
of  severe  strikes  within  these  zones. 

Lateral  extent  of  Zone  1:  In  earlier  FA  A  zone  defini¬ 
tions,  now  superseded  by  those  of  (5.2]  and  [5.4],  the 
Zone  I  regions  included  all  surfaces  of  the  aircraft  that 
are  located  within  18  inches  of  the  wing  tip  (measured 
parallel  to  the  lateral  axis  of  the  aircraft)  and  other 
projections  such  aa  the  nose,  nacelle  leading  edges  and 
tail.  These  earlier  FAA  definitions  described  Zone  1 
as  being 


“•  •  •  within  18  inches  of  •  •  -(the)  trailing  edge 
of  the  horizontal  and  vertical  stabilizer,  tail 
cone  and  any  other  protuberances” 

but  they  did  not  apply  the  18  inch  criterion  to 
surfaces  behind  leading  edges.  By  custom,  however, 
the  first  18  inches  aft  of  a  leading  edge  or  other 
forward-projecting  object  have  also  been  considered 
to  be  within  Zone  1. 

Surfaces  further  aft  of  Zone  1  areas,  including 

“•  •  •  areas  18  inches  laterally  to  each  side  of 
fore-aft  lines  passing  through  the  Zone  1  for¬ 
ward  projection  points  of  stroke  attachment” 

have  traditionally  been  considered  within  Zone  2. 
Since  a  lightning  flash  may  exist  for  one  second  or 
more,  and  most  aircraft  can  travel  more  than  their  own 
length  in  this  time,  the  Zone  2  regions  have  usually 
been  extended  all  the  way  aft  along  the  fuselage  or 
across  the  wing,  as  was  done  for  the  aircraft  in  Fig. 
5.7. 

The  18  inch  lateral  extensions  of  Zone  1  and  2 
account  for  the  typical  scatter  of  lightning  attachment 
points  in  direct  strike  areas  and  the  tortuosity  of  the 
flash  channel  as  it  sweeps  along  Zone  2  surfaces.  In¬ 
flight  lightning  strike  experience  has  tended  to  confirm 
this  judgment.  Thus,  in  the  example  of  Fig.  5.7,  direct 
strike  zones  extend  inboard  18  inches  at  the  wing  tips, 
and  the  swept  stroke  zones  across  the  wings  are  36 
inches  wider  than  the  maximum  width  of  the  engine 
nacelles.  The  inboard  18  indies  of  each  wing  are  also 
in  Zone  2  due  to  their  proximity  to  the  fuselage. 

The  significance  of  either  of  the  lightning  strike 
zones  is  that  skins,  structures  and  other  objects  lo¬ 
cated  in  these  zones  must  be  designed  to  tolerate  the 
effects  of  direct  or  swept  lightning  strike  attachments. 
In  Fig.  5.7,  for  example,  the  integral  fuel  tank  skins 
aft  of  the  nacelles  were  required  to  be  thick  enough 
to  withstand  swept  lightning  strike  currents,  whereas 
skins  in  Zone  3  would  perhaps  not  have  to  be  this  thick. 

Swept  stroke  zones:  Over  the  years,  the  terms  swept 
stroke  and  swept  stroke  Zone  have  become  synony¬ 
mous  with  Zone  2,  and  the  terras  direct  strike  and 
direct  strike  zone  have  meant  Zone  I,  although  this 
relationship  has  never  been  specifically  stated  in  any 
FAA  documents.  This  usage  may  be  unfortunate,  aa 
will  become  evident. 

Currents  for  each  zone:  The  lightning  currents  to 
be  expected  in  each  zone  are  found  in  Ibble  5.3  and 
illustrated  in  Fig.  5.8.  The  shaded  components  apply 
in  each  zone  indicated. 

In  Fig.  5.8  the  Zone  1  or  1A  areas  at  the  nose 
and  other  leading  edges  were  extended  aft  a  distance 
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of  18  inches  in  accordance  with  traditional  practice. 
Dielectric  structures  such  as  the  radome,  of  course, 
were  considered  as  being  entirely  within  Zone  1  even 
though  their  length  is  often  longer  than  18  inches,  but 
in  other  cases  the  18-inch  criterion  has  been  followed. 

For  conventional  aluminum  skins,  the  line  of  de¬ 
marcation  between  Zone  1A  and  2A  (or  between  Zone 
1  and  2  using  the  earlier  definitions)  is  of  little  prac¬ 
tical  importance,  because  most  aluminum  skins  can 
withstand  even  the  first  return  stroke  (SAE  current 
component  A)  with  little  damage. 

Composite  structures:  If  the  skin  or  structure  aft  of 
a  leading  edge  attachment  point  is  made  of  advanced 
composites,  or  other  poorly  conducting  materials,  the 
rearward  extent  of  Zone  1A  becomes  of  critical  im¬ 
portance.  Many  carbon  fiber  composites  can  tolerate 
the  effects  produced  by  the  Zone  2A  currents  without 
requiring  additional  protection,  but  the  return  (com¬ 
ponent  A)  designated  for  Zone  1  in  the  SAE  criteria 
can  deliver  eight  times  more  energy  than  the  re-strike 
current  (component  D)  included  in  the  Zone  2A  re¬ 
quirement,  and  the  resulting  damage  can  be  extensive 
unless  protective  coatings  or  other  methods  have  been 
applied. 

Most  protective  measures  add  weight  and  increase 
cost.  Thus,  a  decision  regarding  whether  to  apply  pro¬ 


tection  or  not,  (or  even  whether  or  not  a  composite 
should  be  utilized  in  the  first  place),  may  depend  di¬ 
rectly  on  the  designation  of  the  lightning  strike  zones, 
and  especially  on  a  realistic  determination  of  the  rear¬ 
ward  extent  of  Zone  1A.  _ 

The  significance  of  the  A  and  B  designation  can 
be  seen  in  the  currents  specified  for  Zones  1A  and  IB. 
Due  to  the  short  hang-on  time  for  an  initial  strike  to 
a  Zone  1A  surface,  only  current  components  A  and  B, 
are  applied,  but  all  of  the  current  components  will  be 
experienced  by  trailing  edge  surfaces  in  Zone  IB. 

Arrival  time  of  return  stroke:  Study  of  a  number  of 
instances  of  structural  damage  produced  by  in-flight 
lightning  strikes  indicates  that  in  some  cases  the  re¬ 
turn  stroke  may  not  arrive  until  the  lightning  channel 
has  swept  considerably  farther  than  18  inches  aft  of 
the  nose  or  other  initial  attachment  point.  This  is 
because  a  finite  period  must  elapse  between  the  time 
the  lightning  leader  initially  attaches  to  a  leading  edge 
extremity  and  when  the  leader  has  reached  its  desti¬ 
nation  and  the  return  stroke  is  initiated. 

During  this  period  the  aircraft  will  have  moved  a 
certain  distance  and  the  leader  channel  will  have  been 
drawn  aft  alongside  the  structure,  reattaching  period¬ 
ically  to  spots  in  its  path.  This  situation  is  illustrated 
in  Fig.  5.9 


Fig.  5.7  Strike  cones  as  determined  from  definitions  given 
iu  FA  A  20-53.  (Now  out  of  date.) 
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Fig.  6.8  Lightning  current  component*  required  for  each  rone. 

(a)  Lightning  current  environment 

(b)  Low  probability  of  hang-on 

(c)  High  probability  of  hang -on 

-  Shaded  areas  represent  the  components  required. 

-  The  dip  at  the  end  of  Component  C  signifies  only  that  Component  D 
may  be  applied  separately  from  Component  C. 


As  shown  in  Fig.  8.9,  while  flying  at  a  velocity 
>mt  the  aircraft  travel*  a  distance  d  during  the  time  t 
jver  which  the  leader  is  continuing  its  propagation  to 
earth.  This  time  depends  on  the  leader  velocity  v/  and 
the  aircraft’s  altitude  h.  Thus,  the  distance  traveled 
is  related  to  the  other  parameters  by: 

d  »  k ^  (5.7) 

vi 

The  time  at  which  the  leader  readies  the  earth 
may  be  assumed  to  be  the  same  as  when  the  return 
stroke  reaches  the  aircraft  because,  once  initiated,  the 
return  stroke  travels  back  up  the  channel  much  faster 
(about  one  third  the  speed  of  light)  than  the  leader 
propagates  toward  ground. 

A  typical  lightning  leader  travels  at  about  1.5  x 
10*  meters  per  second  (5.16).  If  this  leader  were  to 
strike  the  noae  at  an  aircraft  traveling  134  m/s  (300 
miles  per  hour)  at  an  altitude  of  3  kilometers  (10  000 
ft),  the  aircraft  would  have  moved  about 


Assuming  that  the  leader  channel  may  sweep  aft 
and  reattach  to  a  spot,  this  same  distance  defines  how 
far  aft  the  Zone  1A  region  should  extend. 


,  (134m/sX3000m)  _ 

dm  1.5  x  10*  m/s  “2-7m 


(8.8) 


by  the  time  the  return  stroke  arrived  back  at  the  air¬ 
craft. 


Fig.  6.9  Leader  and  return  stroke  attachment  process. 
h  «  altitude  above  ground 
t  a  time  for  leader  to  reach  ground 
d  **  distance  traveled  between  attachment  of 
leader  and  arrival  of  returen  stroke 
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Th«  foregoing  analyses  are  based  on  a  clood-to- 
ground  lightning  flash  situation.  A  similar  mechanism 
would  probably  exist  for  cloud-to-cloud  discharges, 
but  less  is  known  about  them  than  about  cloud-to- 
ground  discharges.  Since  cloud-to- ground  flashes  are 
generally  believed  to  present  the  most  serious  envi¬ 
ronment,  the  analyses  Iti  this  section  Will  continue  to 
represent  the  cloud-to-ground  case. 

Leader  velocity:  The  velocity  of  a  typical  cloud-to- 
ground  lightning  leader  has  been  determined  by  high 
i  speed  photography  and  reported  by  many  researchers 
as  being  about  1  or  1.5  x  10s  m/s.  Schonland,  Malan 
and  Collens  [5.17],  for  example,  reported  in  1935  that 
the  average  velocities  of  24  stepped  leaders  of  negative 
polarity  ranged  from  1  x  10s  to  13  x  10®  m/s.  Orville 
and  Berger  [5.18]  measured  a  mean  velocity  of  2.5  x  10® 
m/s  for  an  upward-progressing  positive  leader  from  a 
tower  on  Monte  San  Salvatore  in  1965.  Uman  [5.19] 
reports  a  typical  average  stepped  leader  velocity  as 
15  x  10®  m/s  and  more  recently  Fieux  et  al  [5.20]  have 
estimated  leader  velocities  of  the  order  of  0.2  x  10®  to 
1  x  10®  m/s.  Elsewhere  in  the  literature  one  finds  the 
values  of  1  x  10®  or  1.5  x  10®  m/s  quoted  most  widely. 
It  is  appropriate,  therefore,  to  utilize  velocities  in  this 
range  for  analyses  of  aircraft  distance  traveled  in  Eq. 
5.7. 

Distance  traveled  vs.  flight  conditions:  From  Fig. 

5.9  it  is  evident  that  the  distance  d  which  the  aircraft 
travels  between  the  time  of  leader  attachment  and  re¬ 
turn  stroke  arrival  is  dependent  on  the  aircraft  velocity 
and  altitude,  in  addition  to  the  leader  velocity.  Fig. 

5.10  shows  the  distances  that  may  be  traveled  under 
the  ranges  of  altitude  and  velocities  throughout  which 
most  aircraft  operate,  as  determined  from  Eq.  5.7. 


28.8  ^ 
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Distance  Traveled  (meters)  Prior 
To  First  Return  Stroke 

Fig.  5.10  Dietance  traveled  prior  to 
arrival  of  return  stroke. 

Leader  velocity  *  1.5  x  10®  ra/s. 


:  FVom  Fig.  5.10  it  may' be  seen  that  a  turbojet 

aircraft  cruising  at  225  tn/s  (50C  mph)  airspeed  at  an 
altitude  of  9  km  (29  500  ft)  would  travel  13.5  m  dur¬ 
ing  the  time  it  would  take  a  lightning  leader  travel¬ 
ing  1.5  x  10*  m/s  to  reach  the  earth  and  initiate  the 
return  stroke.  This  is  more  than  the  entire  length  of 
some  small  jet  aircraft,  and  implies  that  surfaces  along 
the  entire  length  of  such  an  aircraft  may,'  at  times,  be, 
exposed  to  the  first  return  stroke  of  a  lightning  flash. 
Since  the  first  return  stroke  is  considered  a  part  of  the 
Zone  1A  environment,  surfaces  of  the  aircraft  that  are 
exposed  to  the  swept  leader  channel  are  within  Zor-e 
1A.  '  '■  ;.V;  . 

Oh  the  other  hand,1  a  propeller  driven  aircraft 
whose  flight  envelope  extends  only  to  a  speed  of  135 
m/s  (300  mph)  and  an  altitude  of  3  km  (10  000  ft) 
would  travel  only  2.7  m  before  return-stroke  arrival 
at  these  conditions.  Aircraft  surfaces  aft  of  this  dis¬ 
tance  would  experience  only  the  subsequent  strokes, 
Component  D,  intermediate  and  continuing  currents 
characteristic  of  Zone  2A. 

Application  considerations:  Since  many  of  today’s 
general  aviatioh,  as  well  as  transport  and  military  air¬ 
craft  are  being  designed  to  operate  at  high  altitudes 
and  speeds,  a  large  portion  of  their  surfaces  aft  of  ini¬ 
tial  leader  attachment  points  would,  by  the  results  of 
Figs.  5.9  and  5.10,  be  considered  as  within  Zone  1A. 
This  possibility  was  first  recognized  when  the  first  “all 
composite”  aircraft  was  being  designed  and  was  de¬ 
scribed  in  [5.21].  The  significance  of  this  has  been  aca¬ 
demic  for  conventional  aluminum  structures  because 
most  aluminum  skins  can  tolerate  the  lightning  en¬ 
vironment  of  Zone  1A  about  as  well  as  the  currents 
defined  for  Zone  2A. 

Skins  and  structures  made  of  advanced  compos¬ 
ites,  however,  are  likely  to  suffer  much  greater  damage 
from  the  first  return  stroke  (Component  A)  defined 
for  Zone  I A  as  compared  with  the  subsequent  stroke 
(Component  D)  defined  for  Zone  2 A  due  to  the  higher 
action  integral  involved  (2.0  x  10®  A?-s  as  compared 
with  0.25  x  10®  A*  s). 

External  protection  is  often  required  for  compos¬ 
ites  in  Zone  IA,  whereas  it  often  is  not  needed  for  com¬ 
posites  that  only  need  to  be  designed  to  withstand  the 
Zone  2 A  environment.  Since  some  external  protective 
measures  entail  weight  and  cost  penalties,  it  is  impor¬ 
tant  to  consider  probability  factors  in  establishing  the 
rearward  extent  of  Zone  1A  on  particular  aircraft.  In 
particular,  there  are  several  factors  that  combine  to 
reduce  the  probability  of  experiencing  a  Zone  l  A  type 
stroke  at  the  altitude  and  velocity  extremes  of  the  air¬ 
craft’s  flight  envelope  to  an  acceptable-risk  level,  as 
follows: 
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Most  strikes  occur  at  lower  altitudes:  Experience 
shows  that  most  lightning  strikes  occur  when  the  air¬ 
craft  is  flying  between  1.5  kpi  (5000  ft)  and  6  kip  (20 
000  ft),  as  discussed  in  Chapter  3.  This  means  also 
that  the  aircraft  velocity  is  sometimes  less  ihari  cruise, 
with  the  result  that  strikes  in  the  upper  and  right- 
hand  regions  of  Figs.  5.  it)  are  less  probable.  \ 

1  '  ''  "  i  ,  •'  t  , 

Most  savers  strikes  Occur  at  lower  altitudes:  Most 
strikes,  though  not  all,  that  have  indicted  severe  dam¬ 
age  to  aircraft  have  also  occurred  at  altitudes  of  6  km  < 
or  less,  and  many  of  these  have  been  at  altitudes  below 
3  km.  In  most  of  the  cases  of  severe  damage  or  loss 
of  the  aircraft  the  strike  occurred  at  3  km  or  below.  • 
These,  of  course,  are  the  return  strokes  associated  with 
the  Zone  1 A  environment.  In  a  few  cases,  severe  dam¬ 
age  has  occurred  at  cruise  altitudes  of  between  10 1  and 
12  km. 

It  is  logical  that  the  most  severe  return  strokes 
occur  closest  to  the  earth  because  these  strokes  re-, 
suit  from  discharge  of  the  leader  system.  An  aircraft 
attached  to  the  lower  “trunk"  of  a  leader  thus  expe¬ 
riences  more  of  the  leader,  charge  flow  than  does  an 
aircraft  in  a  leader  cleser  to  the  cloud  charge  center, 
in  which  case  most  of  the  leader  charge  is  below  the 
aircraft. 

Strikes  at  high  altitudes  may  not  be  cloud-to- 
ground:  The  foregoing  analysis  is  based  on  leader 
propagation  between  a  cloud  and  the  ground  It  is 
probable  that  many  of  the  strikes  occurring  at  cruise 
altitudes  above  6  km  do  not  involve  the  ground,  but 
propagate  instead  between  upper  level  charge  centers 
in  or  among  the  clouds.  Less  is  known  about  the  for¬ 
mation  of  these  intracloud  flashes,  but  it  is  probable 
that  their  leader  propagation  times  are  shorter  than 
those  of  cloud-to-ground  flashes  originating  at  high 
altitudes.  Again,  this  factor  tends  to  reduce  the  prob¬ 
ability  of  occurrences  in  the  upper  region  of  Fig.  5.10, 
but  does  not  eliminate  this  possibility.  Flashes  origi¬ 
nating  in  the  upper  reaches  of  the  cloud  have  occasion¬ 
ally  been  observed  to  propagate  all  the  way  to  ground. 

Methodology  for  zone  location:  With  the  forego¬ 
ing  factors  in  mind,  the  following  procedures  can  be 
used  to  locate  the  lightning  strike  zones  on  a  specific 
aircraft. 

1.  All  aircraft  extremities  such  as  the  nose,  wing 
and  empennage  tips,  tail  cone,  wing-mounted  na¬ 
celles  and  other  significant  projections  should  be 
considered  within  a  direct  strike  zone  because 
they  are  probable  initial  leader  attachment  points. 
Those  that  are  forward  extremities  or  leading 
edges  should  be  considered  in  Zone  JA,  and  ex¬ 


tremities  that  are  trailing  edges  should  be  in  Zone 
IB,  in  accordance  with  the  zone  definitions. 

In-flight  experience  and  laboratory  tests  of  s<?ale 
models  of  aircraft  have  shown  that  large,  flat  sur¬ 
faces  of  some  aircraft  can  also  receive  initial  leader 
attachments.  Examples  are  the  top  arid  bottom 
surfaces  of  wide-body  transport  aircraft  and  the 
upper  surfaces  of  large,  high  wing,  aircraft  These 
attachments  are  more  likely  to  result  from  a  prop- 
,  agating  leader  approaching  the  aircraft  than  from 
ah'  aircraft  triggered  strike,  and  they  are  akin  to 
the  lightning  strikes  that  are  known  to  attach  now 
and  then  to  the  flat  roofs  of  large  buildings. 

In  such  a  case,  the  rearward  extension  of  Zone 
JA  would  begin  from  these  “flat  surface”  attach¬ 
ments,  rather  than  from  an  extremity  or  leading 
edge.  The  possibility  of  Zone  1A  strikes  to  flat 
surfaces  a  significant  distance  aft  of  (or  inboard 
from)  an  extremity  has  been  acknowledged  only 
recently  and  is  explained  by  the  compression  of 
leader  striking  distance  with  aircraft  geometry. 
One  way  of  identifying  susceptible  surfaces  in¬ 
cludes  rolling  over  the  surface  an  imaginary  sphere 
v.  hose  radius  is  the  striking  distance  over  the  air¬ 
craft.  The  procedure  is  described  more  fully  in 
[5.22]. 

2.  Since  all  aircraft  fly  at  some  time  at  altitudes  be¬ 
low  6  km  (20  000  ft),  the  minimum  rearward  ex¬ 
tension  of  I A  zones  on  a  part  icular  aircraft  should 
be  determined  from  Fig.  5.10  or  Eq.  5.7.  The 
highest  velocity  at  which  the  aircraft  operates  for 
an  appreciable  time  within  this  altitude  should 
be  used.  If  the  aircraft  never  reaches  6  km,,  then 
its  normal  cruise  altitude  should  be  used  instead. 
The  leader  velocity  should  be  taken  as  1.5  x  10® 
m/s. 

For  most  of  today’s  aircraft,  the  above  procedure 
will  result  in  a  rearward  extension  of  Zone  JA  of 
4  -  6  m  (13  -  20  ft). 

3.  For  some  aircraft  that  cruise  extensively  at  higher 
altitudes  and  speeds  a  further  extension  of  zone 
1A  may  be  appropriate,  especially  if  the  proba¬ 
bility  of  a  flight  hazard  due  to  a  strike  to  an  un¬ 
protected  surface  is  high.  Since  the  probability 
of  severe  strokes  at  the  higher  altitudes  is  lower, 
such  further  extension  of  Zone  JA  may  not  oth¬ 
erwise  be  necessary.  In  other  words,  if  the  flight 
safety  criticality  of  the  surface  is  high,  it  should 
be  considered  as  in  Zone  J  A  and  protected  accord¬ 
ingly.  If  not,  it  may  be  designed  in  accordance 
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with  the  Zone  2 A  lightning  environment,  which 
may  require  less  protection. 

4.  Since  nearly  all  aircraft  can  travel  more  than  their 
entire  length  in  the  one  or  two  second  lifetime 
of  a  lightning  flash,  the  remainder  of  the  sur¬ 
faces  aft  of  Zone  1A  should  be  considered  within 
Zone  2A.  Trailing  surfaces  should  be  considered  in 
Zone  IB  or  2B,  depending  on  whether  they  were 
reached  by  an  initial  strike  (Zone  IB)  or  a  swept 
stroke  (Zone  2B),  in  accordance  with  the  defini¬ 
tions.  Surfaces  0.5  m  (18  in)  to  either  side  of 
those  surfaces  actually  in  the  line  of  flight  should 
also  be  considered  within  the  same  lightning  strike 
zone,  to  account  for  small  lateral  movements  of 
the  sweeping  channel. 

5.  Surfaces  of  the  vehicle  for  which  there  is  a  low 
possibility  of  direct  contact  with  the  lightning  arc 
channel  and  that  are  not  within  any  of  the  above 


sidered  aa  within  zone  3.  Structures  which  lie  be¬ 
tween  other  zones  are  also  within  zone  3.  Zone 
3  areas  may  conduct  all  of  the  lightning  currents 
that  enter  or  exit  from  zoneslA  or  IB. 

Using  the  above  guidelines,  the  lightning  strike 
zones  on  the  transport  aircraft  of  Fig.  5.7  would  be 
as  shown  on  Fig.  5.11.  In  each  case,  the  Zone  1A 
regions  are  extended  aft  at  least  6m  (20  ft)  from  the 
initial  leader  attachment  point  at  the  nose  and  wing- 
mounted  inlets.  Surfaces  further  aft  are  in  Zone  2A, 
and  trailing  edges  behind  Zone  2A  are  in  zone  2 B. 

Overlapping  zones:  It  must  be  remembered  that  sur¬ 
faces  within  Zone  1A  are  also  in  Zone  2A,  as  in  some 
cases  the  first  return  stroke  may  occur  near  the  initial 
leader  attachment  point,  as  at  a  nose  or  engine  in¬ 
let  cowl,  with  subsequent  strokes  occurring  within  the 
rest  of  the  Zone  1A  areas.  Protection  designs  should 
be  based  on  the  worst  case  zones. 


Fig.5.11  Strike  zones  showing  rearward  extension  of  Zone  1A. 
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Rotorcraft  zones:  Due  to  the  fact  that  rotorcraft 
may  be  airborne  with  little  or  zero  airspeed,  the  swept 
stroke  phenomenon  may  not  be  applicable,  and  there¬ 
fore  attachment  points  at  leading  edges,  frontal  sur¬ 
faces  or  any  lower  extremities  may  receive  all  compo¬ 
nents  of  the  flash  and  be  within  Zone  IB.  An  example 
of  lightning  strike  zones  on  a  typical  rotorcraft  is  shown 
in  Fig.  5.12. 

The  zones  on  a  typical  twin  turboprop  aircraft  are 
pictured  on  Fig.  5.13. 

Once  the  lightning  strike  zones  have  been  estab¬ 
lished  they  should  be  documented  on  a  three-view 
drawing  of  the  aircraft  or  rotorcraft,  with  boundaries 
identified  by  appropriate  station  numbers  or  other  no¬ 
tation.  It  is  usually  appropriate  for  the  applicant  to  re¬ 
view  the  zone  drawings  with  cognizant  FAA  certifying 
engineers  or  Designated  Engineering  Representatives 
(DER’s)  to  obtain  concurrence,  as  the  zones  form  the 
basis  for  certification  of  the  designs  that  follow. 

5.6.2  Step  b  -  Establish  the  Lightning 
Environment 

The  external  lightning  environment  is  a  conse¬ 
quence  of  the  interaction  of  the  lightning  flash  with 
the  exterior  of  the  aircraft.  The  environment  is  rep¬ 
resented  by  the  lightning  current  components  at  the 
aircraft  surface.  Application  of  the  various  current 
components  to  the  strike  zones  is  given  in  Table  5.3. 
These  are  the  currents  that  muse  be  protected  against. 


Lightning  current  densities  into  skins  and  through 
the  airframe  are  based  on  this  environment.  The  in¬ 
ternal  lightning  environment,  which  is  produced  by 
the  external  environment,  is  a  result  of  current  flow 
through  the  airframe  and  the  penetration  of  electro¬ 
magnetic  fields.  The  fields  and  structural  IR  poten¬ 
tials  give  rise  to  indirect  effects. 

8.6.3  Step  c  •  Identify  Flight  Critical/ 
Essential  Systems  and  Components 

Identify  the  aircraft  systems  and/or  components 
that  may  be  susceptible  to  direct  and  indirect  effects 
of  lightning,  and  whose  proper  operation  is  critical  or 
essential  to  the  safe  flight  of  the  aircraft. 

Determine  if  any  of  these  structures  and  systems 
could  be  damaged  or  upset  by  direct  or  indirect  light¬ 
ning  effects. 


Fig.  5.12  Strike  zones  for  helicopters. 


Fig.  5.13  Strike  zones  for  a  light  twin 
turboprop  aircraft. 
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5.6.4  Step  d  •  Establish  Protection  Criteria 

In  this  step,  the  specific  criteria  for  each  of  the 
structures  and  systems  in  need  of  protection  should 
be  decided  upon.  For  direct  effects,  this  will  include 
definition  of  the  degree  of  physical  damage  that  can  be 
tolerated  by  flight  critical/essential  structures,  and  es¬ 
tablishment  of  ignition  free  criteria  for  the  fuel  tanks. 
Farther  discussion  of  these  topics  is  found  in  Chapters 
6  and  7.  For  indirect  effects  protection,  this  will  usu¬ 
ally  include  establishment  of  Transient  Control  Lev¬ 
els  ( TCL’s )  for  interconnecting  wiring  and  Equipment 
IVansient  Design  Levels  ( ETDL’s )  for  electrical  and 
electronic  equipment. 

Open  circuit  voltage  and  short  circuit  current:  In 

most  cases,  these  levels  will  be  defined  in  terms  of  the 
open  circuit  voltage  (eoc)  and  the  short  circuit  current 
(i,c)  appearing  at  wiring/equipment  interfaces.  The 
eoc  and  iic  will  be  related  by  the  source  impedances 
(i.e.,  loop  impedance)  of  interconnecting  wiring,  and 
there  may  be  different  levels  determined  for  different 
circuit  functions  or  operating  voltages.  The  relation¬ 
ship  between  transient  control,  equipment  transient 
design  and  susceptibility  levels  is  illustrated  in  Fig. 
5.14.  The  ETDL  is  usually  stated  in  the  specifications 
for  electrical/electronic  equipment  and  constitutes  an 
acceptance  test  level  for  this  equipment. 
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Fig.  5.14  Relationships  between  transient  levels. 

Since  equipment  transient  design  levels  are  typi¬ 
cally  represented  by  these  standardized  requirements, 
their  use  greatly  simplifies  protection  evaluation.  Nor¬ 
mally,  the  transient  control  and  design  levels  will  be 
established  by  the  airframe  manufacturer  or  system  in¬ 
tegrator,  who  will  compare  the  penalties  of  vehicle  or 
interconnecting  wiring  protection  with  those  of  equip¬ 
ment  hardening  to  establish  the  most  efficient  levels. 


Chapter  15  describes  industry  standards  utilized  for 
definition  of  ETDL’s  and  TCL’s,  Further  discussions 
of  indirect  effects  protection  are  presented  in  Chapters 
8  through  18. 

5.6.5  Design  Protection 

In  this  step,  specific  design  additions,  changes  or 
modifications  are  made  to  the  flight  critical/essential 
structures,  systems  and  components  to  enable  them 
to  meet  the  protection  criteria  established  in  Step  d. 
For  direct  effects,  this  will  involve  a  large  number  of 
design  techniques,  ranging  from  solution  of  the  basic 
structural  material  and  manufacturing  techniques  to 
the  addition  of  treatments  or  devices  to  improve  elec¬ 
trical  conductivity,  arc  or  spark  suppression,  finishes, 
sealants  and  gaskets,  application  of  lightning  divert¬ 
ers,  insulating  structures  and  electrical  bonding  provi¬ 
sions  and  relocation  of  equipment.  Further  discussion 
of  these  methods  is  found  in  Chapters  6  and  7. 

Protection  against  indirect  effects  involves  appli¬ 
cation  of  electromagnetic  shielding,  provision  of  low 
impedance  grounding  surfaces,  incorporation  of  surge 
suppressors  and  proper  design  of  input  and  output  cir¬ 
cuits  of  electronic  equipment.  Farther  discussion  of 
these  methods  is  found  in  Chapters  8  though  17. 

5.6.6  Step  f  -  Verify  Protection  Adequacy 

Verification  of  protection  can  be  accomplished  by 
analysis,  similarity  to  previously  proven  designs  or  by 
test.  Any  of  the  three  methods  can  be  used,  but  simi¬ 
larity  and  analysis  are  normally  considered  first.  Tests 
do  need  to  be  made,  but  they  cannot  be  performed  un¬ 
til  hardware  has  been  designed,  built  and  made  avail¬ 
able  for  testing. 

Analysis:  Typical  analyses  used  for  verification  of  di¬ 
rect  effects  protection  methods  include  calculation  of 
conductor  temperature  rises  due  to  current,  based  on 
conductor  material,  cross-sectional  area  and  action  in¬ 
tegral  of  the  lightning  current,  or  calculation  of  mag¬ 
netic  forces  effects  which  are  dependent  upon  current 
amplitude  and  geometrical  factors.  These  analyses  are 
based  on  fundamental  physical  laws  which  can  be  de¬ 
scribed  in  mathematical  terms. 

Other  analyses  include  comparison  of  present  de¬ 
signs  with  earlier  designs  for  which  an  empirical  data 
base  exists.  In  this  case,  extensions  or  extrapolations 
are  utilized  to  relate  the  existing  empirical  data  bases 
to  the  designs  of  interest. 

Analysis  can  rarely  be  utilized  to  determine  the 
behaviour  of  lightning  currents  in  complex  structures 
or  components  with  multiple  interfaces  and  current 
paths,  especially  when  these  interfaces  have  not  been 
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designed  to  conduct  electric  currents.  Therefore,  test¬ 
ing  must  be  used  to  evaluate  lightning  direct  effects 
and  verify  protection  design  of  such  complex  struc¬ 
tures. 

Similarity:  Verification  of  direct  effects  protection  by 
similarity  means  that  current-carrying  structures  and 
joints  must  be  shown  to  have  equal  or  greater  cross- 
sectional  areas  and  interface  surface  areas  than  the 
designs  to  which  they  are  similar,  and  that  other  de¬ 
sign  features  are  also  sufficiently  similar  so  as  not  to 
respond  differently  to  other  lightning  effects  such  as 
shock  waves  and  magnetic  forces. 

Demonstration  of  similarity  includes  comparisons 
of  detailed  design  drawings,  parts  lists  and  installation 
details,  combined  with  such  analyses  as  are  necessary 
to  show  that  dissimilarities  do  not  result  in  unforeseen 
hazards. 

Examples  of  designs  that  can  be  verified  by  simi¬ 
larity  are: 

-  Skins. 

-  Hinges  and  bearings. 

-  Landing  gear. 

-  Flight  control  surfaces, 

-  Windshields. 

-  Joints,  interfaces  and  couplings. 

Test:  Many  subsystems  or  components  will  be  veri¬ 
fied  by  test.  The  environment  will  be  determined  by  its 
physical  location  on  the  system  and  the  lightning  strike 
zones  that  are  applicable.  More  than  one  zone  may 
apply,  that  is,  all  components  must  conduct  the  light¬ 
ning  current  away  from  the  attachment  point  in  addi¬ 
tion  to  withstanding  the  thermal,  blast  and  magnetic 
force  effects  of  direct  lightning  attachment.  Thus  all 
subsystems  or  components  must  withstand  the  Zone 
3  environment  in  addition  to  the  other  zone  require¬ 
ments. 

Lightning  direct  effects  are  usually  limited  to  the 
near  vicinity  of  the  attachment  point.  In  most  struc¬ 
tures,  the  current  will  diffuse  radially  away  from  the 
attachment  point  and  as  the  current  density  decreases, 
the  physical  damage  also  decreases.  This  indicates 
that  the  specimen  size  for  test  can  be  small  compared 
to  the  size  of  the  total  structure  or  component. 

Methods  for  conducting  direct  effects  verification 
tests  are  described  in  Chapter  6. 

Verification  of  indirect  effects  protection:  Indi¬ 
rect  effects  protection  designs  are  usually  verified  by 
demonstrating  that  the  induced  transients  appearing 


at  the  Line  Replacable  Unit  (LRU)  harness  interfaces 
are  less  than  the  established  TCL's ,  and  that  the 
equipment  can  tolerate  the  ETDL’s  at  their  interfaces. 

Verification  can  again  be  accomplished  by  test, 
analysis  or  similarity  to  previously  verified  systems 
and  equipment,  or  by  combination  of  these  methods. 
Further  discussion  of  these  methods  is  presented  in 
Chapters  8  through  18.  Appropriate  margins  will  be 
required  to  account  for  uncertainties. 

5.7  Certification  plans 

Experience  has  shown,  particularly  on  aircraft 
employing  major  amounts  of  advanced  composites  or 
full  authority  electronic  control  systems  that  prepara¬ 
tion  and  the  submittal  of  a  certification  plan  early  in 
the  program  is  desirable.  FAA  concurrence  with  this 
certification  plan  should  also  be  obtained.  This  plan  is 
beneficial  to  both  the  applicant  and  the  FAA  because 
it  identifies  and  defines  an  acceptable  resolution  of  the 
critical  issues  early  in  the  certification  process.  As  the 
process  proceeds,  analysis  or  test  results  may  warrant 
modifications  in  protection  design  and/or  verification 
methods.  As  necessary,  when  significant  changes  oc¬ 
cur,  the  plan  should  be  updated.  The  plan  should 
include  the  following  items: 

Description  of  the  system:  There  should  be  a  de¬ 
scription  of  the  system,  covering  such  things  as  its 
installation  configuration,  any  unusual  or  unique  fea¬ 
tures,  the  operational  aspects  being  addressed,  zone 
locations,  lightning  environment,  protection  design 
level(s)  and  approaches. 

Description  of  the  protection:  There  should  be  a  de¬ 
scription  of  the  method  of  protection  and  the  methods 
to  be  used  to  verify  the  effectiveness  of  the  protection. 
Typically,  the  verification  method  includes  a  combina¬ 
tion  of  analytical  procedures  and  tests.  If  analytical 
procedures  are  used,  the  methodology  for  verification 
of  these  procedures  should  be  described. 

Pass/Fail  Criteria:  The  pass/fail  criteria  should 
be  identified  and  will  apply  to  testing  and  analysis 
of  lightning  protection  of  fuel  systems  and  electri¬ 
cal/electronic  equipment  and  systems.  The  pass/fail 
criteria  for  an  electronic  system,  for  example,  might 
include  the  following: 

A.  The  equipment  transient  design  level  (ETDL). 

B.  The  transient  control  level  (TCL). 

C.  The  margin  between  ETDL  and  TCL. 

D.  Interference  with  analog  or  digital  data  due  tc  the 
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transients  associated  with  multiple  strokes  and 
the  multiple  burst  aspect  of  the  external  environ¬ 
ment  should  not  endanger  safety  of  flight. 

E.  Flight  safety  should  not  be  endangered  by  direct 
attachment  of  the  lightning  channel  to  exposed 
system  components.  Coverings,  such  as  on  fair¬ 
ings,  skins  and  cowls,  should  normally  prevent  di¬ 
rect  attachment  of  the  lightning  channel  to  un¬ 
derlying  system  components.  However,  if  a  direct 
lightning  strike  attachment  to  a  system  compo¬ 
nent  can  occur,  a  complete  evaluation  of  both  di¬ 
rect  and  indirect  effects  will  be  necessary. 

Upset  effects  on  system  performance  and  flight 
safety  should  consider  parameters  such  as  time  dura¬ 
tion  of  upset,  the  effects  of  upset  on  the  operation  of 
the  system,  and  the  time  of  occurrence  during  the  var¬ 
ious  flight  modes  of  the  aircraft. 

5.8  Test  Plans 

When  tests  are  to  be  a  part  of  the  certification 
process,  plans  for  each  test  should  be  prepared  which 
describe  or  include  the  following:  purpose  of  the  test; 
production  or  test  article  to  be  utilized;  article  config¬ 
uration;  test  drawing,  as  required;  method  of  installa¬ 
tion  that  simulates  the  production  installation;  appli¬ 
cable  lightning  zone(s);  lightning  simulation  method; 
test  voltage  or  current  waveforms  to  be  used;  diag¬ 
nostic  methods,  pass/fail  criteria,  and  the  appropriate 
schedule(s)  and  location(s)  of  proposed  test(s). 

Some  of  the  procedural  steps  that  should  be  taken 
include  the  following: 

A.  Obtain  FA  A  concurrence  that  the  test  plan  is  ad¬ 
equate. 

B.  Obtain  FAA  concurrence  on  details  of  part  confor¬ 
mity  of  the  test  article  and  installation  conformity 
of  the  test  setup. 

Part  conformity  and  installation  conformity  should 
be  judged  from  the  viewpoint  of  similarity  to  the 
production  parts  and  installation.  Development 
parts  and  simulated  installations  are  acceptable 
provided  they  can  be  shown  to  adequately  repre¬ 
sent  the  electrical  and  mechanical  features  of  the 
production  parts  and  installation  for  the  specific 
lightning  tests.  Adequacy  should  be  justified  by 
the  applicant  and  receive  concurrence  from  the 
FAA. 

Exploratory  lightning  tests  are  often  conducted 
early  in  the  development  cycle,  a  process  both 
recognized  and  encouraged.  These  development 
data  may  be  considered  for  certification  purposes 


provided  the  development  parts  and  simulated  in¬ 
stallations  meet  the  criteria  stated  above.  If  it 
is  contemplated  that  results  from  development 
test  results  will  become  candidates  for  certifica¬ 
tion  data,  then  adequate  advance  notice  of  this 
approach  should  be  given  to  the  FAA  for  review 
and  acceptance. 

C.  Schedule  FAA  witnessing  of  the  test(s). 

D.  Conduct  testing. 

E.  Submit  a  final  test  report  describing  all  results. 

F.  Obtain  FAA  approval  of  the  report. 
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Chapter  6 


DIRECT  EFFECTS  PROTECTION 


According  to  legend,  protection  of  aircraft  struc¬ 
tures  was  important  even  to  the  ancient  Greeks. 

It  was  not  easy,  however,  to  escape  from 
Crete,  since  Minos  kept  all  his  ships  under 
military  guard,  and  now  offered  a  large  re¬ 
ward  for  his  apprehension.  But  Daedalus 
made  a  pair  of  wings  for  himself,  and  an¬ 
other  for  Icarus,  the  quill  feathers  of  which 
were  threaded  together,  but  the  smaller  ones 
held  in  place  by  wax.  Saving  tied  on  Icarus  ’ 
pair  for  him,  he  said  with  tears  in  his  eyes: 

“My  son,  be  warned!  Neither  soar  too  high, 
lest  the  sun  melt  the  wax;  nor  sweep  too  low, 
lest  the  feathers  be  wetted  by  the  sea!”  Then 
he  slipped  his  arms  into  his  own  pair  of  wings 
and  they  flew  off.  “Follow  mr.  closely,  ”  he 
cried,  “do  not  set  your  own  course.  ” 

As  they  sped  away  from  the  island  in  a 
north-easterly  direction,  flapping  their  wings, 
the  fishermen,  shepherds,  and  ploughmen  who 
gazed  upward  mistook  them  for  gods. 

They  had  left  Naxos,  Delos,  and  Paros 
behind  them  on  the  left  hand,  and  were  leav¬ 
ing  Lebynthos  and  Cclymne  behind  on  the 
right,  when  Icarus  disobeyed  his  father’s  in¬ 
structions  and  began  soaring  towards  the  sun, 
rejoicing  in  the  lift  of  his  great  sweeping 
wings.  Presently,  when  Daedalus  looked  over 
his  shoulder,  he  could  no  longer  see  Icarus; 
but  scattered  feathers  floated  on  the  waves 
below.  The  heat  of  the  sun  had  melted  the 
wax,  and  Icarus  had  fallen  into  the  sea  and 
drowned.  Daedalus  circled  around,  until  the 
corpse  rose  to  the  surface,  and  then  carried  it 
to  the  nearby  island  now  called  Icaria,  where 
he  buried  it. 

Robert  Graves,  The  Greek  Myths  I  (Balti¬ 
more:  Penguin  Books,  1955):312-13. 

6.1  Introduction 

The  materials  from  which  an  aircraft  is  made  and 
the  methods  used  to  hold  these  materials  together, 
forming  the  aircraft  structure,  are  factors  as  important 
in  protecting  a  modern  aircraft  from  hazardous  natu¬ 
ral  environments  as  they  were  for  the  mythical  Icarus. 
Conventional  aluminum  airframes  of  riveted  construc¬ 
tion  have,  by  virtue  of  their  excellent  electrical  conduc¬ 


tivity,  rarely  suffered  critical  structural  damage  from 
lightning  strikes;  and  these  structures  have  provided 
excellent  protection  for  vulnerable  systems,  as  well  as 
for  personnel,  carried  within.  There  are  some  impor¬ 
tant  lightning  problems  that  must  be  considered,  such 
as  protection  of  fuel  systems  and  protection  of  avionic 
systems  from  indirect  effects,  but  such  protection  has 
seldom  had  much  of  an  impact  on  the  basic  aircraft 
structure. 

But  the  day  of  all-metal  aircraft  is  ending.  Air¬ 
craft  are  being  constructed  using  fiber-reinforced  plas¬ 
tics  which  have  desirable  high  strength  and  light 
weight,  but  these  materials  have  much  less  electrical 
conductivity  than  aluminum.  Some  of  these  materials 
are  being  joined  together  with  adhesives,  which  have 
essentially  no  conductivity.  Whereas  the  designer  of 
the  all-  metal  structure  needs  to  add  little,  if  anything, 
to  the  design  of  the  structure  to  achieve  adequate  light¬ 
ning  protection,  the  designer?  of  nonmetallic  struc¬ 
tures  must  pay  particular  attention  to  the  lightning 
environment,  taking  positive  measures  to  provide  con¬ 
ductive  paths  to  ensure  safety  of  flight. 

This  chapter  reviews  some  basic  lightning  effects 
on  metal  structures,  including  metal  objects  com¬ 
mon  to  all  types  of  aircraft,  objects  such  as  bond¬ 
ing  jumpers,  hinges  and  light  fixtures.  It  then  re¬ 
views  lightning  effects  on  non-metallic  materials  such 
as  fiberglass,  aramid  fiber  and  carbon  fiber  composites 
and  concludes  by  discussing  direct  effects  test  tech¬ 
niques  and  practices  appropriate  for  all  categories  of 
aircraft.  The  discussions  will  emphasize  performance 
as  it  relates  to  the  electrical  effects  of  lightning. 

6.2  Direct  Effects  on  Metal  Structures 

The  direct  effects  of  lightning  on  metal  structures 
were  described  in  Chapter  4  and  include  the  following: 

1.  Melting  or  burning  at  attachment  points. 

2.  Resistive  temperature  rise. 

3.  Magnetic  force  effects. 

4.  Acoustic  shock  waves. 

5.  Arcing  and  sparking  at  bonds,  hinges,  and  joints. 

6.  Ignition  of  vapors  within  fuel  tanks. 

This  section  will  focus  on  protection  against  these  ba- 
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sic  effects  since  they  pertain  to  aircraft  of  all  types. 
Later  sections  will  focus  on  the  special  problems  pre¬ 
sented  by  composite  materials.  Ignition  of  fuel  vapors, 
though,  is  such  an  important  subject  that  it  is  treated 
separately  in  Chapter  7. 

6.2.1  Protection  Against  Melt-through 

For  conventional  aluminum  aircraft,  melting  at 
attachment  points  is  mostly  of  concern  as  it  relates 
to  ignition  of  fuel  vapors  in  integral  fuel  tanks,  a  sub¬ 
ject  treated  at  length  in  Chapter  7.  This  section  on 
basic  lightning  effects  will,  arbitrarily,  consider  only 
the  damage  that  lightning  may  produce  on  the  skins 
of  metal  aircraft,  such  as  the  size  of  holes  that  might 
be  melted.  Whether' melting  of  holes,  or  the  creation 
of  hot  spots,  might  ignite  fuel  vapors,  will  be  discussed 
in  Chapter  7.  Discussions  as  to  the  thickness  of  metal 
skins  required  to  prevent  such  ignition  will  also  be  dis¬ 
cussed  in  that  chapter. 

In  most  cases,  the  designer  need  be  concerned  only 
with  prevention  of  holes  in  integral  fuel  tank  skins, 
since  small  holes  in  other  metal  skins  do  not  usually 
present  a  safety  hazard.  This  section  describes  the 
factors  that  influence  hole  formation  and  methods  that 
can  be  used  to  prevent  melt-through  of  metal  skins. 

Important  factors:  Lightning  usually  produces  very 
little  damage  where  it  attaches  to  a  metal  object,  since 
relatively  little  energy  is  released  at  the  attachment 
point.  The  energy  released  at  that  point  is  the  prod¬ 
uct  of  the  lightning  current  and  the  cathode  or  anode 
voltage  drop  at  the  end  of  the  lightning  channel,  or  the 
arc  root.  This  drop  is  a  few  tens  of  volts,  thus  a  400 
ampere  continuing  current  releases  power  at  the  rate 
of  12  kW  if  the  cathode  (or  anode)  drop  is  30  volts. 

The  lightning  channel  is  an  electrical  arc,  and  it 
can  be  very  hot  (30  000°C),  but  only  the  root  of  the 
arc  contacts  the  metal  surface.  Also,  the  arc  is  in  air 
and  any  energy  released  is  free  to  escape  into  the  air. 

Lightning  current  can  produce  spectacular  dam¬ 
age  when  forced  through  a  confined  arc,  a  situation 
not  normally  encountered  with  aircraft.  An  exception 
to  this  general  statement  is  covered  in  §6.2.2. 

Assuming  that  the  lightning  channel  is  not  con¬ 
fined,  the  damage  produced  at  the  point  where  light¬ 
ning  attaches  to  a  metal  objeet  is  largely  controlled  by 
how  long  the  lightning  channel  remains  attached  to  a 
particular  point.  If  the  channel  sweeps  swiftly  across 
an  unpainted  aluminum  skin,  for  example,  the  effect 
might  be  only  to  produce  minor  pitting  of  the  surface. 
Usually,  however,  the  channel  is  not  completely  free 
to  move.  Paint  films  on  a  metal  surface  in  Zones  1A 
or  2A  will  tend  to  keep  the  channel  attached  to  indi¬ 
vidual  spots  along  painted  surfaces,  thus  allowing  the 


metal  skins  to  be  melted  at  these  spots.  Fig.  6.1  shows 
an  example  of  small  pit  marks  left  by  a  lightning  flash’ 
sweeping  across  a  metal  surface. 

At  trailing  edges,  in  Zones  IB  or  2B,  the  chan¬ 
nel  may  remain  attached  for  longer  periods,  melting 
away  larger  amounts  of  metal.  This  is  usually  not 
hazardous,  and  it  is  neither  practical  nor  necessary  to 
protect  against  holes  in  trailing  edges. 

Protection  should  be  provided  against  any  holes 
that  would  endanger  safety  of  flight,  but  as  a  general 
rule  holes  may  be  permitted  to  occur  anywhere  on  the 
aircraft  as  long  as  safety  of  flight  is  not  impaired.  The 
conditions  under  which  safety  of  flight  might  be  en¬ 
dangered  from  hole  formation  are: 

1.  When  the  hole  is  melted  through  the  skin  of 
a  fuel  tank  or  some  other  enclosure  containing 
flammable  materials. 

2.  When  the  hole  causes  depressurization  of  a  pres¬ 
surized  enclosure. 

3.  When  the  hole  sufficiently  degrades  the  mechani¬ 
cal  strength  of  a  flight-critical  component  to  cause 
failure. 

There  have  been  reports  of  holes  melted  in  pres¬ 
surized  fuselages  by  swept  strokes,  but  the  holes  are 
far  too  small  (less  than  0.1  cm  dia)  to  cause  depres¬ 
surization  problems.  Since  trailing  edge  areas  are  not 
pressurized,  the  larger  holes  melted  by  longer  duration 
currents  hanging  on  to  trailing  edges  have  not  posed 
a  depressurization  problem,  although  the  possibility 
of  this  event  should  be  considered  in  any  design  that 
involves  pressurization  in  trailing  edge  sections. 

Malting  and  charga  transfer:  The  relationship  be¬ 
tween  lightning  and  the  size  of  hole  burned  has  been 
extensively  studied.  Basically,  the  studies  have  shown 
that  the  volume  of  metal  melted  away  at  a  lightning 
attachment  point  is  closely  related  to  the  charge  car¬ 
ried  into  the  point  by  the  lightning  flash  and  to  the 
type  of  metal  and  its  thickness.  Most  of  the  charge  is 
delivered  by  intermediate  and  continuing  current  com¬ 
ponents  of  the  flash.  The  volume  of  metal  and  the  size 
of  the  hole  are,  of  course,  related  by  the  thickness  of 
the  metal  skin. 

Hole  size  v«  charge  transfer:  Quantitative  relation¬ 
ships  between  electric  arcs  and  typical  aircraft  skin 
metals  were  reported  in  1949  by  Hagenguth  [6.1]  who 
made  laboratory  measurements  of  the  amount  of  con¬ 
tinuing  current  necessary  to  melt  holes  of  various  sizes 
in  various  metals.  He  found  a  nearly  linear  relation¬ 
ship  to  exist  between  the  amount  of  charge  ( Q )  de¬ 
livered  to  an  arc  attachment  spot  and  the  amount  of 
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metal  melted  away  from  it.  He  found  that  the  size 
of  a  hole  melted  in  a  metal  sheet  of  a  given  thickness 
could  be  approximated  by  the  following  two  empirical 
equations: 

A  ~  0.93 Q  r0'9  for  0  <  t  <  0.8  mm  (6,1) 
A  =  0.81Q  t~184  for  0.8  <  t  <  4  mm  (6.2) 

where 

A  =  area  of  hole  melted  (square  millimeters) 

Q  =  charge  (coulombs)  delivered  to  the  point 
by  the  arc 

t  =  thickness  of  metal  sheets  (centimeters). 
Hagenguth  also  reported  that  “the  type  of  metal  ap¬ 


Melt-through  thresholds:  Brick  [6.2]  and  Oh  and 

Schneider  [6.3]  made  tests  to  determine  the  mini¬ 
mum  amounts  of  charge  and  current  required  to  melt 
through  aluminum  and  titanium  skins  of  various  thick¬ 
nesses,  and  thus  the  minimum  lightning  conditions 
that  might  produce  ignition  in  integral  fuel  tanks. 
They  also  showed  that  the  effects  depended  heavily 
on  current  amplitude  as  well  as  charge.  Whereas  Ha¬ 
genguth  had  shown  that  over  22  C,  when  delivered  by 
a  current  of  200  A,  were  necessary  to  melt  through  2 
mm  (0.080  in)  aluminum  skins,  Brick,  Qh,  and  Schnei¬ 
der  showed  that  only  about  10  C,  when  delivered  by 
about  50Q  A,  was  enough  to  melt  completely  through 
such  a  skin.  In  laboratory  tests  as  little  as  2  C,  when 
delivered  by  about  130  A,  melted  a  hole  completely 
through  1  mm  (0.040  in)  of  aluminum. 


pears  to  have  very  little  influence,”  but  later  investi¬ 
gations  have  contradicted  this  statement.  Results  of 
his  laboratory  tests  are  presented  in  Fig.  6.2. 


Fig.  6.1  Bum  marks  left  on  metal  surface  by  simulated  lightning  flash. 
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COULOMBS  IN  ARC 

Fig.  6.2  Size  of  holes  melted  in  metal  sheets  by  arc 

currents  ranging  between  50  and  1000  A  [6.1]. 

1.  Stainless  steel  -  0.254  mm  (0.010  in) 

2.  Galvanized  iron  -  0.381  mm  (0.015  in) 

3.  Copper  -  0.508  mm  (0.020  in) 

4.  Stainless  steel  -  1.061  mm  (0.040  in) 

5.  Aluminum  -  1.295  mm  (0.051  in) 

6.  Aluminum  -  2.54  mm  (0.010  in) 


Oh  and  Schneider’s  melt-through  thresholds  for 
these  and  other  skin  thicknesses  are  shown  in  Fig.  6.3. 
The  close  proximity  of  their  test  electrode  to  the  skins, 
2.4  to  4.8  mm,  might  have  restricted  natural  move¬ 
ment  of  the  arc  on  the  surface  of  the  skin  and  been 
responsible  for  their  low  coulomb  ignition  thresholds. 
Such  restrictions,  however,  should  be  assumed  when 
the  exterior  surface  is  painted. 

Additional  data:  Work  by  Fester,  Gerstein,  and 
Plumer  [6-4]  with  an  L-shaped  electrode  spaced  6.4 
mm  above  the  skin,  permitting  greater  arc  movement, 
showed  that  20  C  or  more,  when  delivered  at  130 
A,  are  required  to  melt  through  a  1  mm  aluminum 
skin.  Their  data  is  presented  in  Fig.  6.4.  However, 
the  magnetic  interactions  associated  with  currents  in 
the  L-shaped  electrode  might  have  forced  unnatural 
movement  of  the  arc,  resulting  in  an  optimistic  result. 
Since  movement  of  a  natural  lightning  arc  is  neither  re¬ 
stricted  nor  forced  by  any  electrode,  it  is  probable  that 
the  aluminum  melt-through  threshold  data  of  Fig  6.3 
are  conservative,  while  those  of  Fig.  6.4  might  be  op¬ 
timistic. 


Influence  of  paints:  The  electrical  insulating  proper¬ 
ties  of  most  paints  tend  to  make  the  arc  remain  at  one 
point  and  so  would  concentrate  the  heating  effects  on 
a  smaller  volume  of  metal,  decreasing  the  amount  of 
thermal  energy  required  to  melt  completely  through. 

Influence  of  pressure:  All  the  data  on  melt-through 
of  metal  surfaces  discussed  in  the  previous  sections 
was  taken  on  test  panels  in  ambient  conditions,  that 
is,  equal  pressure  on  both  sides  of  the  panels.  Many 
aircraft  fuel  systems,  especially  on  fighters,  maintain 
some  pressure  in  the  tank,  to  help  pumping.  Many 
other  systems  use  ram  air  vent  supplies  and  these  also 
supply  small  amounts  of  pressure  on  the  tank. 

Pressure  inside  the  tBnk  on  which  burn-through 
tests  are  being  made  makes  a  big  difference  in  the  level 
at  which  a  hole  appears.  A  lightning  arc  may  heat  the 
surface  to  a  point  where  metal  is  molten,  but  if  there 
is  no  pressure,  the  surface  tension  prevents  the  molten 
metal  from  flowing  away  and  leaving  a  hole.  A  very 
modest  amount  of  pressure,  however,  suffices  to  push 
the  molten  metal  away  and  leave  a  hold.  Recent  tests, 
not  yet  released  for  publication,  showed  that  with  a 
gauge  pressure  of  34.5  kPa  (5  psig)  holes  could  be 
burned  in  a  2.3  mm  (0.090  in)  aluminum  skin  by  a  23 
A.s  discharge.  With  no  pressure  66  A.s  was  required 
to  produce  an  equivalent  size  hole. 

This  is  a  phenomenon  that  remains  to  be  investi¬ 
gated  more  thoroughly. 

Trailing  edges:  The  structural  integrity  of  a  trailing 
edge  closeout  member  or  other  load-carrying  part  may 
be  degraded  if  a  significant  portion  of  metal  is  melted 
away  by  a  lightning  arc  hanging  on  for  a  prolonged 
period  of  time.  For  design  purposes,  the  charge  trans¬ 
ferred  under  the  worst  case  lightning  flash  should  be 
taken  as  200  C,  in  accordance  with  AC  20-53A  [6.5]. 
Estimates  of  the  amount  of  metal  to  be  melted  away 
by  200  C  of  charge  entering  a  lightning  hang-on  spot 
in  Zones  IB  or  2B  may  be  made  from  Figs.  6.2  -  6.4. 

Protection  methods:  Some  of  the  considerations  gov¬ 
erning  protection  of  metal  surfaces  are  illustrated  in 
Fig.  8.5. 

Protection  by  thickness)  The  most  direct  way  to  pre¬ 
vent  melt-through  of  holes  is  to  use  aluminum  skins 
sufficiently  thick  to  withstand  the  lightning  environ¬ 
ment  without  complete  melt -through.  The  specific 
thickness  required  depends  on  lightning  flash  dwell 
time.  For  unpainted  aluminum  skins,  polished  or  an¬ 
odised,  where  the  dwell  times  usually  do  not  exceed  5 
ms,  only  current  component  B  needs  to  be  withstood. 
FYom  Fig.  6.3,  this  requires  a  skin  at  least  1.5  mm 
(0.060  in)  thick. 
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Fig.  6.3  Melt-through  threshold*  of  metal  skins. 

(a)  Aluminum  skins  -  2034  T3 

(b)  Titanium  skins  -  6AL  4V 


Fbr  painted  skins  in  Zones  M  or  2A,  dwell  times 
should  be  asumed  to  be  20  ms  for  typical  paint  thick¬ 
nesses  not  exceeding  0.25  mm  (0.010  in)  thick.  This 
requires  skin  thickness  of  2.0  •  3.0  mm  (0.080  in  •  0.120 
in).  Ibis  is  the  most  common  method  of  preventing 
holes  in  metal  skins. 


Protection  by  arc  root  dispersion:  A  second  method 
of  preventing  melt-through  involves  treatment  of  the 
exterior  surface  with  an  electrically  “bumpy"  finish 
that  promotes  the  arc  root  to  divide  into  many  paths 
and  not  to  be  concentrated  at  just  one  point.  This 
approach  is  called  arc  root  dispersion,  is  illustrated  in 


k  A 
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Fig.  6.5(b),  and  is  applicable  to  CFC  skins  as  well  as 
metal  ones.  Fine  wire  screens  and  paint  primers  filled 
with  chopped  metal  fibers  have  been  effective  in  labo¬ 
ratory  tests,  though  this  method  requires  greater  than 
average  care  and  maintenance  of  the  surface  during 
the  aircraft’s  life  cycle.  It  is  not  presently  in  wide  use. 

Protection  by  multiple  layers:  A  third  method  is  to 
laminate  thin  metal  skins  with  a  non-conductive  ad¬ 
hesive  (most  structural  adhesives  are  non-conducting). 
Laboratory  testing  has  shown  that  the  melting  activity 
is  limited  to  the  exterior  ply  of  metal,  with  the  inner 
ply  remaining  undamaged.  The  principle  is  illustrated 
in  Fig.  6.5(c).  The  outer  ply  burns  away,  but  in  do¬ 
ing  so  separates  from  the  inner  ply  and  moves  the  arc 
root,  where  heat  is  released,  away  from  the  inner  ply. 
Vaporization  of  the  adhesive  layer  probably  releases 
gasses  which  push  the  outer  layer  away.  In  effect,  the 
outer  layer  is  sacrificed  to  protect  the  inner  ply. 

As  an  example,  an  exterior  ply  of  0.5  mm  (0.020 
in)  aluminum  bonded  to  an  inner  ply  of  0.75  mm  (0.030 
in)  aluminum  will  sustain  the  same  lightning  environ¬ 
ment  as  a  single  sheet  of  2  mm  (0.080  in)  aluminum. 

Since  melting  of  holes  in  metal  skins  is  so  impor¬ 
tant  to  protection  of  fuel  systems  these  studies  are  cov¬ 
ered  further  in  Chapter  7. 
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Fig.  6.5  Methods  of  protecting  against  melt-through. 

(a)  Increasing  skin  thickness 

(b)  Arc  root  dispersion 

(c)  Laminated  skins 


6.2.2  Resistive  Heating 

As  current  passes  through  the  resistance  of  a 
metal  conductor,  it  will  generate  heat.  Resistive  heat¬ 
ing  of  metal  skins  by  lightning  current  will  never  pro¬ 
duce  temperatures  high  enough  to  be  of  concern,  be¬ 
cause  cross-sectional  area  will  always  be  ample,  but 
heating  of  conductors  with  small  cross-sections  can  be 
sufficient,  in  some  cases,  to  damage  or  destroy  these 
conductors.  Wiring  harnesses  and  control  cables  are 
examples.  A  particularly  important  problem  arises  if 
a  conductor  is  heated  enough  to  melt  it,  because  then 
the  wire  might  literally  explode  and  cause  very  severe 
damage. 

Some  of  the  factors  that  affect  heating  and  melt¬ 
ing  of  various  metals  are  listed  in  Table  6.1. 


Fig.  6.4  Area  of  holes  melted  through 
aluminum  and  titanium  skins. 


Calculation  of  tomparaturo  rlao:  The  temperature 
rise  in  a  current-carrying  conductor  is: 


AT  s* 


0.2389p 

cDA1 


(6.3) 
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where 

/*=  Amperes 
t  =  seconds 

c  s=  specific  heat  -  cal/g/degree  C 
D  =  density  -  g/cm* 

P  =  resistivity  -  ohm  cm 
A  =  cross-sectional  area. 

Temperature  rise  is  directly  proportional  to  the 
square  of  the  lightning  current  and  inversely  propor¬ 
tional  to  the  square  of  the  cross-sectional  area  of  the 
conductor.  The  equation  is  expressed  in  terms  of  unit 
length.  Energy  will  be  deposited  uniformly  along  the 
length  of  the  conductor,  resulting  in  a  uniform  tem¬ 
perature  rise  along  the  length. 

As  it  stands,  however,  Eq.  6.3  has  two  shortcom- 


p  —  Pjo[1  +  A  AT] 


1.  It  assumes  there  is  no  heat  loss  from  radiation. 

2.  It  assumes  that  resistance  does  not  change  with 
temperature. 

Since  little  energy  will  be  lost  during  the  short  du¬ 
ration  of  a  lightning  flash,  the  first  shortcoming  has  a 
negligible  effect  on  the  accuracy  of  the  predicted  tem¬ 
perature  rise.  Resistance  does  depend  on  temperature, 
however,  and,  since  resistance  also  affects  the  amount 
of  electrical  energy  that  can  be  deposited  in  the  con¬ 
ductor,  it  is  important  to  account  for  this  dependency. 
This  can  be  done  by  expressing  resistivity  as  a  function 
of  temperature, 


where 


Pjo  =  resistivity  at  20#C 
A  =  temperature  coefficient  of  resistivity. 

Incorporating  Eq.  6.4  into  Eq.  6.3  gives: 

AT  =  °2389^^— -1  J  Pit  (6.5) 


Since  everything  but  AT  in  Eq.  6.5  is  a  constant, 
it  is  most  easily  solved  by  combining  the  conductor 
dimensions,  material  properties  and  specified  action 
integral  into  a  constant,  fc,  in  the  following  expression: 


AT  =  fc[l  +  AAT] 
.  „  k 


AT  = 


1-AJfc 


where  k  is  given  by  the  right  side  of  Eq.  6.5. 

Fig.  6.6  shows  calculated  temperature  rises  for 
various  metals  as  functions  of  the  action  integral  of 
the  current.  The  data  has  been  calculated  from  Eq. 

6.5  and  may  be  used  for  design  purposes. 

Physical  and  electrical  properties  needed  in  Eqs. 

6.6  and  6.7  for  common  structural  metals  and  electrical 
conductors  are  provided  in  Table  6.1.  The  melting 
points  of  these  metals  are  also  provided. 


Table  6.1 


Physical  and  Electrical  Properties  of  Common  Metals 


Aluminum 

Copper 

Titanium 

Stainless 
Steel  (304) 

Magnesium 

Silver 

Resistivity 

fi-cm 

2.8  x  10-* 

1.72  x  10-* 

42  x  10~* 

72  x  10"* 

4.45  x  10~* 

1.59  x  10"* 

Temperature  coefficient 
of  resistance,  A 
(1/degree  0) 

0.00429 

0.00393 

0.0035 

0.001 

0.0165 

0.0041 

Thermal  coefficient 
(1/degtee  C) 

0.254  x  10"4 

0.164  x  10-4 

0.085  x  10-4 

0.120  x  10"4 

0.025x  10-* 

0.019  x  10~4 

Specific  heat 
cal/gm/degree  C. 

0.215 

0.092 

0.124 

0.120 

0.245 

0.056 

Density  (g/cm5) 

2.70 

8.89 

4.51 

7.90 

1.74 

10.49 

Melting  point 
(degree  C) 

660 

1084 

1670 

1150 

650 

962 
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AREA  — cm'  AREA  — cm* 


Fig.  6.6  ’temperature  rise  as  a  result  of  electric  current  in  conductors. 


Because  of  their  high  amplitudes,  the  return 
stroke  currents  have  the  highest  action  integrals  and 
will  produce  higher  temperatures  than  the  other  com¬ 
ponents  of  the  lightning  flash,  For  design  purposes, 
the  action  integrals  associated  with  current  waveform 
Components  A  and  D,  as  specified  in  [6.5]  and  §5.5.6 
should  be  used  for  determining  temperature  rise  in 
conductors,  depending  on  the  lightning  strike  zone  in 
which  the  particular  conductor  is  located. 

ExampU:  The  stroke  current  to  be  used  for  design 
purposes  depends  on  the  strike  zone.  Consider,  for  ex  ¬ 
ample,  a  case  in  which  a  navigation  light  is  mounted 
on  a  plastic  vertical  fin  cap  and  grounded  to  the  air¬ 
frame  via  two  bond  straps,  as  shown  in  Fig.  6.7.  In 
this  case,  two  parallel  conductors  arc  available  to  share 
the  current,  and  the  current  in  each  will  be  divided  by 
the  number  of  conductors,  but  the  action  integral  in 


each  conductor  will  be  reduced  by  the  square  of  the 
number  of  conductors. 

If  this  light  is  considered  to  be  located  in  Zone  IB, 
its  bond  straps  must  be  able  to  conduct  the  total  flash 
current.  If  it  is  assumed  that  the  lightning  channel 
will  not  touch  the  bond  straps,  the  design  criterion 
for  these  straps  is  that  together  they  must  be  able 
to  carry  safely  current  Components  A  and  D,  which 
have  a  total  action  integral  of  2.25  x  10a  A2-s.  One-r 
half  of  the  total  current  in  each  strap  will  produce 
only  one-fourth  of  the  total  action  integral,  or  about 
0.56  x  10*  A2-s,  in  each  strap. 

If  each  strap  is  made  of  copper  with  a  cross- 
sectional  area  of  0.1  cm2  (0.015  in2),  the  temperature 
rise  produced  by  0.56  x  10*  A2-s  in  a  strap  would  be 
determined  from  Eq.  6,5,  using  the  physical  and  elec- 
tricai  properties  for  copper  given  in  Table  6.1.  Solving 
first  for  Jfc: 
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? ‘  'jS; ;v^ ,n  t  . 


m  m 


0.2389  x  1.72  x  l'CT®  k  0.60  v:  10? 

-  ■■  -  i  '■  • 


(0.092  x  8.89  x  0.1*) 


*  25.6*C. 


AT  as  -- 


=  31.6 
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Fig.  6.7  Bond  straps  for  navigation  light. 


A  conductor  with  a  0.1  cm2  cross-sectional  area 
is  about  the  same  size  as  an  AWG  15  wire.  Since 
a  32  °C  temperature  rise  would  not  damage  the  wire, 
two  bonding  straps  or  wires  of  this  cross-sectional  area 
could  be  utilized  to  conduct  current  Components  A 
and  D.  If  one  of  them  were  to  work  loose,  however,  all 
of  the  current  would  have  to  pass  through  the  other 
one.  If  the  total  action  integral  were  2.25  x  10®  A*-s, 
the  temperature  rise  would  be  just  over  200  ®C. 

Consideration  of  temperature  rise  effects  in  con¬ 
ductors  carrying  lightning  currents  is  most  important 
where  all,  or  a  large  fraction,  of  the  stroke  current  will 
be  carried  in  individual  conductors.  Examples  include 
radome  diverter  bars,  bonding  straps  (or  jumpers), 
conduits  or  cable  shields,  ground  wires  passing  through 
plastic  radomes  or  wing  tips,  and  certain  hydraulic  or 
control  lines  which  might  be  exposed  to  lightning  strike 
currents. 

The  temperature  rises  calculated  must  be  added 
to  the  ambient  temperature  of  the  conductor  to  deter- 


This  would  be  the  tempSraturb  rise  iftheJreslfitivity  re¬ 
mained  constant,  but  the  resistivity  actually  increases 
as  .tempejatute  ipcrtSfejs.  Therefbre*  Sq.  6.5  must  be 
used  as  follows  to  caJCulatfe  the  afctual  rise),  )l ; 


,  W\S\  Y 

mine\the  final  temperature.  Calculated  temperatures 
above  several  hundred  degrees  C  will  begin  to  diverge 
from  the  actual  temperature  because  of  physical  prop¬ 
erty  changes  ht  higher  tempermures.  In  most  cases  it 
is  best  to  8ei<teVc6hduetor  materiwit  and  cross  sectional 
areas  and  cross-sectional  areas  so  as  to  limit  tempera-' 
,  lure  rises, to.l0Q#C,  so  that  distortion,  elongation  and' 
changed  to  temper  bf  material  will  not  occur. 

If  lightning  current  entering  ft  conductive, skih  sur¬ 
face  can  be  divided  into  multiple  current  filaihertts  en¬ 
tering  the  skin,  at  separate  ^cations,  the  energy  de¬ 
posited  in 'the  resistance  of 'the.  skin  pear  each  sopt 
will  be  reduced  by  the  square  6i  the  number  of  Current 
filaments  from  what  it  would  be  if  all  current  Were  to- 
enter  the  skin  at.  a  Single  point.  .  The  action  integral 
associated  with  each  filament  of,  ctirrbht  would  be 


j  j3dt  (each  filament)^  (6,10) 


Where  N  is  the  number  of  parallel  filaments. 

This  implies  that  the  damage  to  an,  airplane  skin 
can  be  minimized  by  encouraging  the  splitting  up  of 
the  lightning  Channel  into  many  filaments  as  it  enters  a 
skin,  a  process  known  as  arc  root  dispersion  and  which 
is  discussed  more  fully  in  §6.5.1.  The  1/N2  reduction 
implied  by  Eq.  6.10  is,  of  course,  only  true  for  heat¬ 
ing  and  damage  effects  that  are  directly  proportional 
to  action  integral,  and  there  are  other  energy  transfer 
mechanisms  associated  with  electric  arc  attachment  to 
conductive  surfaces  that  are  not  dependent  on,  or  at 
least  directly  related  to  action  integral. 

Nevertheless,  tests  have  confirmed  that  thermal 
and  shock  wave  damage  to  metal  and  CFC  skins  is 
greatly  reduced  when  provisions  are  made  to  cause  arc 
root  dispersion. 


Thermal  Elongation:  Most  met  ale  expand  when  their 
temperatures  rise.  This  phenomenon  will  not  be  a 
problem  for  conductors  which  can  deflect  when  ex¬ 
panded,  but  if  the  conductors  are  held  rigidly  in 
place  large  stresses  may  arise  and  the  conductors  may 
buckle.  Examples  would  include  a  diverter  strap,  a 
ground  conductor  or  the  pitot  probe  air  tube  shown  in 
Fig.  6.8. 

By  virtue  of  its  location  at  the  nose  of  the  air¬ 
craft,  the  pitot  probe  will  be  in  Zone  1A  and  provision 
must  be  made  to  conduct  return  stroke  currents  of 
2  x  10®  AJ*s  to  the  airframe.  The  air  tubes,  if  made 
of  metal,  would  have  to  have  a  large  cross-section  to 
carry  the  lightning  current  and  withstand  the  result¬ 
ing  resistive  heating,  thermal  elongation,  and  magnetic 
force  effects  of  the  lightning  current,  probably  con- 
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siderably  larger  than  needed  just  to  transmit  pitot- 
static  air  back  to  the  flight  instruments.  It  might 
be  better,  therefore,  to  fabricate  the  tubes  of  non¬ 
conducting  plastic  and  provide  a  separate  metal  con¬ 
ductor  to  carry  lightning  current  from  the  probe  to 
the  airframe.  An  AWG.  No.  6  copper  wire  will  suf¬ 
fice.  A  stranded  conductor  would  be  better  than  a 
solid  one  because  it  can  flex  a  small  amount  because 
of  temperature  rise  without  the  deflections  presenting 


current  conductors. 


Example  of  expected  elongation:  If  the  air  tube  in  , 
the  radome  of  Fig.  <3.8  were  made  of  copper  and  had  . 
an  outside  diameter  of  0.476  cm  (3/16  im  and  a  wall 
thickness  of  0.124  cm  (0.049  in),  it  would  have  a  cross- 
sectional  area  of  0.138  cm2  (0.021  in2).  An  action  in¬ 
tegral  of  2  X  10®  A2-s  would  raise  the  temperature  of 
a  conductor  of  this  cross-sectional  area  by  67°  C. 

The  amount  of  thermal  expansion  to  be  expected 
along  any  dimension  of  a  part  is  dependent  on  the 
temperature  rise  and  the  thermal  coefficient  of  linear 
expansion  of  the  metal, -  according  to  the  following  re¬ 
lation: 

A  L  =  LaAT  (6.11) 

where  a  is  the  coefficient  of  expansion  and  L  is  the 
length  of  concern.  Of  course  all  dimensions  of  a  ho¬ 
mogeneous  material  will  elongate  proportionately  and 
this  may  affect  fittings  and  clamps.  The  most  signifi¬ 
cant  expansion,  though,  would  be  along  the  length  of 
the  conductor. 

Based  on  the  coefficient  of  linear  expansion  for 
copper  given  in  Table  6.1,  0.164  x  10-4(1/°C),  and  on 
the  assumption  that  the  tube  has  a  length,  L,  of  2  m 
when  “cold,"  a  67°C  temperature  rise  would  cause  an 
elongation  of 

AL  =  2  x  0.164  x  10-4  x  67 

at  2.198  x  10-3  m  =  2.2  mm.  (6.12) 


>  This  amount  of  expansion  may  be  well  within  the  lim¬ 
its  established  by  normal  environmental  temperature 
cycling,  bvjt  other  situations  might  exist  where  the 
thermal  expansion  caused  by  lightning  current  could 
be  a  concern.  Any  conductor  that  might  carry  light¬ 
ning  current  should  be  examined  to  see  whether  ther¬ 
mal  elongations  might  be  a  problem. 

Exploding  Wires:  A  case  in  which  an  excessive  tem¬ 
perature  rise  may  occur  is  one  in  which  lightning  cur¬ 
rent  is  carried  by  only  a  single  conductor,  such  as  an 
undersized  bond  strap1  or  a  steel  control  cable.  In 
these  cases,  the  action  integral  of  the  lightning  cur- 
,■  .rent  and  the  resistance  of  the  conductors  may  both  be 
high  enough  to  allow  enough  energy  to  be  deposited  in 
the  conductor  to  raise  its  temperature  to  the  melting 
1  or  vaporization  points.  Since  the.  resistance  of  most 
:  nietal  conductors  increases  with  temperature,  an  even 
higher  amount  of  energy  will  be  deposited  in  the  con¬ 
ductor  as  its  temperature  rises,  and  this,  in  turn,  will 
increase  the  temperature  even  further.  If  the  action 
integral  is  high  enough,  the  conductor  will  melt  and 
perhap^  even  explode.  An  explosion  of  a  wire  can 
cause  severe  damage  since  the  chemical  energy  asso¬ 
ciated  with  combustion  of  the  wire  is  added  to  the 
electrical  energy  produced  by  passage  of  the  lightning 
current.  ,  N 

An  example  of  damage  to  a  radome  that  was  prob¬ 
ably  the  result  of  an  exploding  wire  was  shown  in  Fig. 
4.7.'  ,  1  /■  v. 

Another  example  was  the  unprotected  composite 
wing  tip  design  of  Fig.  4.8,  where  the  navigation  light 
harness  was  the  only  conductor  available  to  carry  light¬ 
ning  current  from  the  lamp  assembly  to  the  airframe. 
It  exploded,  destroying  the  wing  tip.  This  could  have 
been  prevented  by  providing  an  alternate  parallel  path 
for  the  lightning  current. 

6.2.3  Magnetic  Force  Effects 

As  mentioned  earlier,  there  are  situations  in  which 
several  conductors  in  parallel  may  carry  lightning  cur¬ 
rents  and,  in  such  cases,  each  conductor  will  be  acted 
upon  by  a  magnetic  force.  One  such  case  is  shown  in 
Fig.  6.9.  '  ■' 

Based  on  Ampere’s  Law,  the  force  per  unit  length 
on  wire  2  is 

dPi,2  _  2/iJj/j  /ai„\ 

~dh  ~  ~D~  {<U3) 

where 

H  =  4irx  10-7  A/m 
Pj  2  =  force  on  conductors  -  N 
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/ 1,3  m  length  of  conductors  -  m 
D  b  distance  between  conductors  -  m 
Ii,a  «  current  in  conductors  *  A 
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Fig.  6.9  Magnetic  forces  among  parallel 
current-carrying  conductors. 

These  forces  act  to  pull  the  conductors  together 
when  the  currents  in  them  are  in  the  same  direction 
and  act  to  push  the  conductors  apart  when  the  cur¬ 
rents  are  in  opposite  directions.  In  either  case,  the 
magnetic  forces  are  strongest  when  the  conductors  are 
close  together.  One  such  case  would  exist,  for  exam¬ 
ple,  in  a  radome-mounted  pitot  system  in  which  two 
metal  air  pressure  tubes  are  needed  to  convey  both 
static  and  pitot  air  pressure  to  the  flight  instruments. 
If  these  tubes  were  mounted  2  cm  apart  and  half  of 
the  Zone  1  lightning  current  (200  kA)  were  carried  in 
each,  the  peak  force  in  each  conductor  be: 


lONDUCTOR  3 


dP. 

it 


1 


^£=2x1(T7  x  100  x  103x 
«‘1,2 

100  x  103  x  2  x  10-2 
*  100,000  N/m  of  tube  length 
=  6, 854  lb/ft  of  length  (6.14) 

This  peak  force,  of  course,  will  exist  only  at  the  instant 
when  the  lightning  current  is  at  its  peak. 

The  inertia  of  the  conductors  will  keep  them  from 
moving  much  during  the  short  duration  of  the  high 
amplitude  stroke  current,  but  energy  will  be  stored  in 
the  conductors  and  they  will  continue  to  move  after  the 
current  has  passed.  If  both  tubes  are  assumed  to  be 
of  the  size  in  the  thermal  calculation  given  previously, 
then  the  mass  of  each  tube  will  be: 


m  *  DAI 

~  8.89  g/cm3  x  0.138  cm2  x  100  cm 
=  122.7  g/m 

*0.1227  kg/m.  (6.15) 


Since 


F«ma 


and 


10*  N 

“  “  0.1227  kg 


*  815  X  10s  m/s/s 


and  the  duration  of  the  stroke  is  about  70  microsec¬ 
onds,  the  motion  of  the  tubes  will  be 


x  =  1/2  at 2 

b  1/2  x  815  x  103  x  (70  x  10“8)2 
—  2  mm.  (6.16) 


The  velocity  will  then  be 
v  =  at 

=  815  x  103  x  70  x  10“® 

=  57.1  m/s,  (6.17) 

and  the  kinetic  energy  will  be 


E  m  1/2  mu2 
0.1227 
2 

=  200  joules 


x  57. 12 


(6.18) 


This  energy  will  cause  the  tube  to  continue  moving 
for  some  distance.  The  resulting  deflection  will  de¬ 
pend  on  the  degree  of  restraint  provided  by  supports 
and  the  elasticity  of  the  tube,  but  forces  of  the  magni¬ 
tude  predicted  by  Eq.  6.14  have  caused  tubes  to  slam 
together,  leaving  permanent  deformations,  which  can 
disrupt  the  air  data  system. 

Effective  transient  force:  Mathematical  copulation 
of  expected  deformations  from  impulsive  forc^  such 
as  these  is  difficult,  and  such  calculation  is  further 
complicated  by  unknown  mechanical  factors.  James 
and  Phillpott  [6.6],  however,  have  defined  an  effective 
transient  force,  Pt,  which,  if  applied  slowly  but  contin¬ 
uously,  results  in  the  same  stress  as  that  produced  by 
the  peak  magnetic  force,  P0,  calculated  by  Eq.  6.14. 
This  effective  force,  Pt,  is  a  function  of  the  natural 
angular  frequency,  w,  of  the  mechanical  system  being 
acted  upon  and  of  the  electric  current  decay  time  con¬ 
stant,  r. 

It  is  usually  much  easier  to  determine  magnetic 
force  effects  by  tests  of  candidate  installations,  rather 
than  by  calculations,  and  the  results  are  more  likely  to 
be  correct.  A  discussion  of  test  methods  is  presented 
in  §6.8. 
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Angular  frequency:  In  most  practical  applications  the 
natural  angular  frequency  u  of  the  conductor  will  be 
between  about  10s  for  heavy,  flexible  systems  and  104 
for  light,  stiff  systems.  James  and  Phillpott  give  rela¬ 
tive  values  of  Pt/Pa-  These  are  shown  in  Table  6.2  for 
each  of  these  frequencies  and  for  three  lightning  cur¬ 
rent  waveforms.  The  200  kA  and  1  kA  currents  rep¬ 
resent  a  return  stroke  and  continuing  current  of  the 
same  magnitude  as  those  represented  by  Components 
A  and  C  of  AC  20-53 A.  However,  the  60  kA  inter¬ 
mediate  current  would  deliver  much  more  energy  than 
would  the  2  kA  intermediate  current,  represented  by 
Component  3.  A  current  pulse  of  50  kA  amplitude, 
and  decaying  in  as  long  as  2  ms,  would  be  found  only 
in  the  most  severe  of  positive  polarity  flashes.  These 
occur  very  seldom.  In  any  event,  Table  6.2  shows  that 
the  200  kA  stroke  current  creates  a  much  higher  effec¬ 
tive  transient  force,  Pt,  than  does  either  of  the  other 
currents. 

An  example  of  how  the  table  is  used  may  be  found 
in  the  case  of  the  two  parallel  air  pressure  tubes  2  cm 
apart,  for  which  a  peak  force  P0  of  100  000  N/m  of 
length  was  calculated.  Assuming  that  these  tubes  have 
an  angular  frequency  of  104,  Table  6.2  shows  that  the 
effective  transient  force,  Pt,  would  be 

Pt  =  0.45Po  (6.19) 

or  45  000  N/m  (3084  lb/ft)  of  length.  This  is  the 
amount  of  force  which  should  be  used  in  perform¬ 
ing  mechanical  response  calculations  or  mechanical 
strength  tests. 

James  and  Phillpott  conclude  that: 

(a)  The  continuing  current  phase  of  a  lightning  flash 
does  not  give  rise  to  a  high  effective  force  because 
P,  and  therefore  the  peak  magnitude  force,  is  too 
low. 


(b)  If  r  <  1/w,  as  for  relatively  heavy  flexible  sys¬ 
tems  (w  ■  10s),  the  effective  force  is  roughly  pro¬ 
portional  to  Pt.  Thus,  the  fast  and  intermediate 
components  give  about  the  same  effective  force, 
even  though  the  peak  forces  are  very  different. 

(c)  If  r  >  1/w,  as  for  relatively  light  stiff  systems 
(w  =  104),  the  effective  force  equals  twice  the  peak 
force,  and  is  therefore  proportional  to  P.  For  this 
doubling  of  the  peak  force  to  occur  it  is  assumed 
that  the  current  rise  time  is  <  1/w. 

(d)  If  r  ss  1/w,  the  effective  force  is  46%  of  the  peak 
force  for  the  case  of  the  fast  component,  with 
u  —  104.  This  alternative  also  gives  the  highest 
effective  force  because  the  high  value  of  P  more 
than  compensates  for  the  effects  of  a  small  value 
of  r. 

James  and  Phillpott  also  conclude  that  “the  effect 
of  magnetic  forces  on  current-carrying  components  is 
influenced  by  a  large  number  of  parameters,  but  the 
contribution  from  the  continuing  current  is  negligible.” 
Concurring  with  the  authors  of  this  book,  they  also 
conclude  that  future  studies  of  or  tests  on  components 
likely  to  be  damaged  by  magnetic  forces  should  be  per¬ 
formed  with  simulated  lightning  currents  having  values 
of  I  and  action  integral  similar  to  Components  A  or 
D,  depending  on  the  zone  in  which  the  installation  is 
located. 

Examples  of  magnetic  damage:  Secondary  airframe 
structures  and  control  surfaces  sometimes  become 
badly  damaged  by  magnetic  force  effects.  One  exam¬ 
ple  is  the  wing  tip  trailing  edge  shown  in  Figs.  4.4,  in 
which  the  upper  and  lower  surfaces  of  this  wing  were 
made  respectively  of  0.71  mm  (0.028  in)  and  0.80  mm 
(0.031  in)  aluminum.  Hacker  ([6.7]  has  made  a  very 
interesting  analysis  of  the  magnetic  forces  acting  upon 


Table  6.2 


Effective  Transient  Magnetic  Force  Pt 


1 

r 

Coulombs 

9% 

*o 

(Relative 

Units) 

*tl*c 

ft 

(Relative  Units) 

(kA) 

(ms) 

(C) 

10*  (A*-s) 

w*  10* 

«■  104 

«»  10* 

«■  10* 

200 

(Stroke) 

0.1 

20 

2.0 

16.0 

0.05 

0.45 

OS 

7  2 

50 

(lnt) 

2.0 

100 

2.5 

1.0 

0.75 

1.73 

0.75 

1.73 

1.0 

(Cont) 

200 

200 

0.1 

0.0004 

2  JO 

2X1 

0.0008 

0D008 
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these  surfaces  And  found,  u  illustrated  in  Fig.  6.10, 
that  the  directions  of  the  calculated  forces  and  the  cal* 
culated  damage,  Fig.  6.10(c),  correlate  well  with  the 
actual  damage  pattern.  Figs.  6.10(a)  and  (b)  give  de¬ 
tails  of  the  geometry  on  which  the  calculations  were 
based. 

Hacker  calculated  th  t  a  100  kA  stroke  would  have 
created  21  500  N/m  (1476  Ib/ft)  on  a  4  cm  wide  path 
across  the  skins.  This  amounts  to  5.4  x  10s  N/m3,  or 
78  psi,  an  extremely  high  compressive  pressure  for  a 
wing  structure  reportedly  designed  for  a  steady  state 
loading  of  1.7  x  10s  N/m3  (0.25  psi).  The  reader  is 
referred  to  Hacker’s  report  for  a  more  thorough  discus¬ 
sion  of  the  procedure  followed  in  making  this  analysis. 
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Fig.  6.10  Calculation  of  magnetic  deformation. 

(a)  Geometry  at  tip 

(b)  Geometry  chord 

(c)  Calculated  deformation 


Repulsive  Forces:  The  foregoing  examples  have  illus¬ 
trated  the  case  in  which  the  magnetic  forces  are  at¬ 
tractive;  that  is,  when  the  parallel  currents  are  in  the 
same  direction.  Cases  exist,  however,  where  currents 
in  adjacent  conductors,  or  in  adjacent  legs  of  the  same 
conductor,  are  in  opposite  directions.  When  this  hap¬ 
pens,  the  magnetic  force  acts  to  separate  the  conduc¬ 
tors,  a  fact  that  may  create  a  problem. 

An  example  is  the  force  that  a  lightning  chan¬ 
nel  sweeping  alongside  a  radome  as  on  metal  ground 
conductors,  such  as  a  pitot  heater  grounding  tube,  fas¬ 
tened  to  the  inside  of  the  radome  wall.  This  situation 
is  illustrated  in  Fig.  6.11(a).  The  result  is  often  severe 
damage  to  the  grounding  tube  and  radome  wall,  as  the 
tube  is  ripped  away  from  the  wall. 


This  problem  might  be  reduced  by  using  seg¬ 
mented  diverters.  They  might  allow  the  flash  to  reat¬ 
tach  sooner,  minimizing  magnetic  force  effects,  as  il¬ 
lustrated  in  Fig.  6.11(b). 

Protection  designs  should  be  tested  to  verify  ad¬ 
equacy,  as  magnetic  force  effects  are  not  readily  de¬ 
termined  by  analysis.  Test  specimens  should  be  ar¬ 
ranged  to  simulate  the  sweeping  action  of  the  lightning 
channel,  by  positioning  the  high  current  test  electrode 
along  the  radome,  as  if  it  were  a  sweeping  channel. 
Further  discussion  of  these  aspects  of  testing  is  pre¬ 
sented  in  §6.8. 

Magnetic  forces  on  bond  streps:  Another  common 
example  of  a  situation  in  which  the  currents  in  oppo¬ 
site  directions  give  rise  to  repulsive  forces  is  the  bent 
bond  strap  shown  in  Fig.  6.12(a).  Even  if  the  strap  has 
a  cross-sectional  area  sufficient  to  conduct  the  current, 
but  forms  a  bend  of  more  than  about  45  degrees,  it  may 
break,  as  shown  in  Fig.  6.12(a),  if  it  is  subjected  to 
major  portions  of  the  stroke  current.  Whenever  possi¬ 
ble,  such  straps  should  be  installed  with  gentle  bends, 
as  in  Fig.  6.12(b). 

Another  reason  for  keeping  the  bond  strap  as 
straight  and  short  as  possible  is  that  the  inductive  volt¬ 
age  rise  caused  by  lightning  currents  in  a  longer  strap 
may  be  sufficient  to  spark  over  a  direct,  shorter  path 
across  the  air  gap.  Some  other  “do’s"  and  “don’ts" 
regarding  the  design  of  bond  straps  intended  to  carry 
lightning  currents  are  presented  in  Fig.  6.13.  The  ba¬ 
sic  rules  to  follow  are: 

1.  Use  conductors  with  sufficient  cross-sectional  area 
to  carry  the  intended  lightning  current  action  in¬ 
tegral. 

2.  Keep  bond  straps  as  short  as  possible. 

3.  Avoid  bends  of  more  than  45  degrees,  or  other 
features  that  result  in  a  reversal  of  the  current 
direction. 

4.  Avoid  all  sharp  turns. 

5.  If  two  or  more  parallel  straps  are  used,  separate 
them  sufficiently  (usually  30  cm  or  more)  to  min¬ 
imize  magnetic  force  effects. 

The  above  rules  should,  of  course,  be  followed  for 
any  light  weight  conductor,  such  as  a  metal  air  tube 
or  hydraulic  line  that  must  carry  lightning  current. 
Flight  critical  installations  should  be  tested  to  verify 
design  adequacy. 

Consequences  of  magnetic  damage:  Because  of 
weight  limitations,  the  strength  and  rigidity  of  some 
metallic  components,  such  as  wing  tips,  flaps,  and 
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- -  juices, 

(a)  External  diverter 
{b>  Internal  diverter 
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Fig.  6.12  Magnetic  force  on  a  bond  strap. 

(a)  Straight  strap  -  good 

(b)  Sharply  bent  strap  -  bad 

(c)  Origin  of  forces 


ailerons,  may  not  be  sufficient  to  resist  deformation  as 
a  result  of  the  magnetic  forces  from  lightning  currents 
concentrated  in  these  extremities.  Such  deformations 
will  not  normally  impair  safety  of  flight,  but  they  may 
require  repairs  or  replacement.  Normally,  only  severe 
lightning  currents  cause  this  deformation.  Reinforce¬ 
ment  to  prevent  magnetic  deformation  of  extremities 
must  be  justified  on  economics. 

Since  determination  of  magnetic  force  effects  by 
mathematical  analysis  for  all  but  the  most  elemental 
geometries  is  very  difficult,  laboratory  tests  may  prove 
the  most  straightforward  and  economical  way  to  deter¬ 
mine  whether  or  not  magnetic  force  effects  are  likely 
to  cause  deformation  of  prospective  structures. 


6.2.3  Acoustic  Shock  Waves 

A  lightning  return  stroke  supplies  energy  to  its 
channel  virtually  instantaneously,  after  which  a  cylin¬ 
drical  pressure  wave  propagates  away  from  the  chan¬ 
nel,  initially  at  supersonic  speed,  perhaps  10  times  the 
velocity  of  sound.  Calculations  by  Hill  [6.8]  and  sum¬ 
marized  by  Uman  [6.9]  for  a  30  kA  stroke,  and  shown 
in  Fig.  6.14,  suggest  that  the  initial  overpressure  1 
cm  away  from  the  channel  would  be  about  30  atmo¬ 
spheres  and  that  4  cm  away  it  would  be  about  3  at¬ 
mospheres.  A  summary  of  work  on  overpressures  com¬ 
piled  by  Uman  and  shown  in  Fig.  6.16  suggest  that  at 
distances  of  a  few  tens  of  cm  the  overpressure  might 
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be  about  0.05  atmospheres.  The  subject  of  pressure 
waves  from  high  current  arcs  is  discussed  in  consider¬ 
able  detail  by  Uman  [6.9],  who  also  gives  a  number  of 
other  references. 


Fig.  6.13  Design  of  bonding  straps,  or  jumpers, 
(a),  (b)  Good 
(c),  (d)  Bad 


Double  exponential  waveshape  with 
a  =  3  x  104  sec-1  and  0  =  3  x  10s  sec-1. 


Fig.  6.15  Shock  wave  overpressure  aa  a  function 
of  distance  from  a  4-m  laboratory  spark. 


The  acoustic  pressure  wave  associated  with  a  re¬ 
turn  stroke  has  cracked  windshields  and,  in  laboratory 
tests  with  simulated  lightning  arcs,  has  caused  cracks 
in  CFC  skins  up  to  6  mm  (0.236  in)  thick.  Whether 
cracking  occurs  or  not  is  dependent  on  the  stiffness 
and  degree  of  reinforcement  provided  by  frames  and 
stiffeners. 

Very  stiff  structures  can  be  broken  by  the  shock 
wave  since  they  can  not  bend  to  absorb  the  shock, 
whereas  more  flexible  or  ductile  unreinforced  materi¬ 
als  can  deform  without  cracking  or  breaking.  Light¬ 
ning  shock  waves  are  sometimes  overlooked  by  design¬ 
ers  and  laboratory  test  specialists  who  fail  to  account 
for  or  adequately  evaluate  these  effects. 

Laboratory  tasting:  One  area  where  acoustic  waves 
must  be  considered  is  during  laboratory  testing  where 
high  currents  are  injected  into  a  test  sample  from  a 
metal  electrode  close  to  the  item  under  test.  Gap 
spacings  between  the  electrode  and  the  test  surface  are 
usually  limited  to  between  2  and  5  cm  by  the  voltage 
limitations  of  the  test  generators.  An  acoustic  wave 
could  be  partially  confined  by  the  electrode  and  cause 
unnatural  damage  to  the  surface  under  test,  as  indi¬ 
cated  in  Fig.  6.16(a).  To  ensure  that  this  does  not 
happen,  the  end  of  the  electrode  is  generally  encased 
in  a  sphere  of  insulating  material,  as  in  Fig.  6.16(b). 
This  forces  the  origin  of  the  are  on  the  electrode  to 
be  at  right  angles  to  the  surface  under  test.  Shock 
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waves  originating  at  the  electrode,  will  not  be  directed 
toward  the  test  surface  and,  since  the  surface  of  the 
insulated  electrode  nearest  the  test  surface  is  spheri¬ 
cal,  shock  waves  originating  at  the  surface  under  test 
will  be  dispersed  and  not  reflected  by  the  electrode. 

farther  discussion  of  testing  considerations  is 
found  in  §6.8. 
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Fig.  6.16  Shock  waves  encountered  during  laboratory 
testing  with  high  currents. 

(a)  Pressure  waves  confined  by 
a  metal  electrode 

(b)  Insulating  sphere  to  force  arc 
from  underneath  electrode 


6.2.4  Arcing  across  Bonds,  Hinges,  and  Joints 

Rivatsd  joints:  There  is  some  conflict  between  the 
construction  practices  best  for  lightning  protection 
and  those  best  for  control  of  corrosion.  Ideally,  for 
lightning  protection,  joints  in  metal  structures  should 
provide  a  metal-to-metal  contact  between  the  surfaces 
being  joined.  This  would  require  that  the  joints  be 
made  before  paints  or  sealers  are  applied.  Control 
of  corrosion,  however,  generally  requires  that  metal 
surfaces  be  painted  or  sealed  before  the  rivets  are  in¬ 
stalled.  Usually  it  also  requires  that  the  rivets  and 
rivet  holes  be  painted  or  sealed.  Such  films  might  pro¬ 
vide  an  insulating  surface,  through  which  current  must 
arc  as  it  passes  through  the  joint.  In  general,  of  course, 
arcing  is  undesirable. 


In  most  applications,  the  insulating  films  associ¬ 
ated  with  corrosion  protective  coatings  have  not  re¬ 
sulted  in  major  lightning  arcing  problems.  Many 
times,  the  insulating  films  are  broken  during  installa¬ 
tion,  providing  a  conductive  path,  though  newer  epoxy 
paints  and  sealants  are  much  more  res.jtant  to  me¬ 
chanical  puncture  than  the  older  paints.  Also,  the 
large  number  of  fasteners  required  to  m»et  mechan¬ 
ical  requirements  tends  to  ensure  that  many  parallel 
conducting  paths  are  established,  thus  greatly  limiting 
the  arc  damage  at  any  one  fastener. 

These  observations,  though,  must  be  qualified 
since  there,  are  some  situations  where  lightning  cur¬ 
rent  through  a  riveted  joint  might  present  some  haz¬ 
ards.  One  would  be  if  the  space  behind  the  riveted 
joint  contained  flammable  fluids  or  flammable  vapors. 
Any  possibility  of  sparking  should  then  be  considered 
as  presenting  a  hazard.  Fuel  tanks  are  the  most  com¬ 
mon  example  of  such  a  situation  and  because  of  the 
potential  hazards  are  given  special  attention  in  Chap¬ 
ter  7. 

Example:  The  riveted  joint  of  Fig.  6.17  carried  200  k  A 
without  arcing  or  any  other  evidence  of  distress,  but  it 
should  be  noted  that  the  current  path  was  end-to-end, 
a  pattern  that  did  not  give  rise  to  any  unbalanced  mag¬ 
netic  forces.  A  different  current  path  might  give  rise  to 
magnetic  forces  that  could,  possibly,  lead  to  mechan¬ 
ical  failure  of  the  rivets,  a  phenomenom  having  little 
to  do  with  arcing.  If  the  current  pattern  were  known 
to  be  such  that  unbalanced  magnetic  forces  might  de¬ 
velop,  it  would  be  prudent  to  conduct  high  current 
tests  on  the  joint. 

Design  guidelines:  Most  airframe  structural  interfaces 
are  located  in  Zone  3  and  so  will  conduct  some  por¬ 
tions  of  lightning  current  when  the  aircraft  encoun¬ 
ters  a  lightning  strike.  Nearly  all  riveted  or  fastened 
interfaces  of  primary  structure  can  tolerate  lightning 
current  without  structural  damage  or  other  adverse  ef¬ 
fects.  This  holds  true  if  the  density  of  stroke  currents 
is  held  to  5  kA  or  less  per  fastener  or  rivet.  Since  large 
numbers  of  rivets  are  utilized  in  most  primary  struc¬ 
tures,  current  densities  are  nearly  always  below  this 
guideline  and  no  special  features  need  to  be  added  to 
the  design  for  lightning  protection  purposes,  except  for 
the  arc  or  spark  suppression  techniques  to  be  described 
in  Chapter  7  for  structures  that  enclose  fuel. 

Exceptions:  Some  possible  exceptions  to  this  situation 
exist; 


1.  Secondary  structures. 

2.  The  primary  structure  of  very  small  aircraft;  those 
of  gross  weight  less  than  about  1800  kg  (4000  lbs), 
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and  employing  comparatively  few  fasteners.  This 
includes  small  two  place  recreational  and  utility 
aircraft. 

3.  Primary  structure  utilizing  adhesive  bonds  in 
place  of  rivets  or  fasteners. 

Secondary  structures:  Secondary  structures,  such  as 
wing  tips,  tail  cones,  wheel  well  doors  and  flight  control 
surfaces  often  do  not  have  enough  fasteners  to  transfer 
lightning  currents  without  significant  damage  to  the 
fasteners  and  surrounding  structural  material.  Some¬ 
times  this  damage  is  due  to  magnetic  forces  and  other 
effects,  in  addition  to  or  besides  arcing  at  the  fasteners. 
In  many  cases  this  damage  does  not  present  a  major 
hazard  and  nothing  need  be  done  to  protect  against  it. 
Repairs  can  be  made  if  the  aircraft  is  actually  struck 
by  a  lightning  flash. 

An  example  of  such  damage  is  illustrated  in  Fig. 
6.  IS,  which  shows  the  aluminum  vertical  fin  and  cap 
of  a  small  aircraft  after  an  in-flight  lightning  strike  de¬ 
scribed  by  the  pilots  as  “very  loud.”  The  aluminum 
cap  was  joined  to  the  fin  with  16  removable  fasten¬ 
ers.  Intense  arcing  is  evidenced  by  the  dark  soot.  Arc 
pressure  and  magnetic  forces  deformed  the  surround¬ 
ing  structure.  The  damage  is  typical  of  what  might  be 
expected  in  this  Zone  IB  location,  though  the  actual 
magnitude  of  the  flash  is  of  course  unknown. 

Small  Aircraft:  Some  areas  where  lightning  currents 
might  be  expected  to  flow  through  a  small  number  of 
fasteners  are  shown  in  Fig.  6.19. 


Adhesive  bonds:  Structural  adhesives  are  being  used 
more  frequently  to  augment  or  replace  rivets  in  struc¬ 
tural  joints.  Such  adhesives  reduce  manufacturing 
costs  and  leaks  in  fuel  tanks,  and  provide  more  uni¬ 
form  distribution  of  mechanical  loads.  Nearly  all  of 
these  adhesives,  however,  are  electrical  insulators  and 
by  virtue  of  their  uniform  application  along  joints,  ef¬ 
fectively  insulate  one  part  from  another.  This  allows 
lightning  and  other  electrical  currents  to  spark  through 
the  adhesive  at  random  locations  inside  or  alongside  a 
joint. 

These  situations  are  illustrated  in  Fig.  6.20.  The 
sparking  illustrated  will  occur  anywhere  that  the  ad¬ 
hesive  is  in  a  lightning  current  path,  unless  alterna¬ 
tive  paths  are  available  through  nearby  fasteners  in 
the  same  joint  or  parallel  structural  elements.  If  suffi¬ 
ciently  intense,  the  expanding  gasses  from  the  sparks 
may  damage  or  destroy  the  bond.  Also,  sparks  at  the 
bond  edges  may  ignite  fuel  vapors  if  any  are  present. 

In  order  to  ensure  uniform  coating,  some  adhe¬ 
sives  are  carried  by  thin  fiberglass  cloths,  rather  than 
being  brushed  or  sprayed  on  the  parts  to  be  joined. 
The  carrier  cloth  forces  a  minimum  separation  of  about 
0.1  mm  (0.005  in)  between  the  parts,  virtually  guaran¬ 
teeing  that  no  electrical  contact  will  exist  between  the 
bonded  parts.  Other  adhesives  are  brushed  or  flowed 
on  without  carriers,  but  the  adhesive  layer  itself  is 
thick  enough,  0.05  to  0.1  mm  (0.002  -  0.005  in)  to 
act  as  an  insulator. 


Fig.  6.17  Riveted  joint  that  carried  200  kA. 
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Fig.  6.18  Lightning  damage  to  a  small  aircraft. 

(a)  Rudder  and  cap  after  stroke 

(b)  Cap  removed 


,  . r  m 

W  window  frame 


Fig.  6.19  Situations  where  lightning  may 
cause  damage. 


Situations  where  adhesives  interrupt  the  main 
lightning  paths  through  structure  are  of  greatest  con¬ 
cern  because  then  sparking  is  almost  certain  to  occur. 
Of  lesser  concern,  outside  fuel  tank  structures  at  least, 
are  designs  employing  rdhesively  bonded  stiffeners  or 
frames  which  are  in  parallel  with  electrically  conduc¬ 
tive  skins  or  other  members.  In  these  latter  situations 
the  intensity  of  sparking  across  or  through  the  bonds 
will  be  lower.  Fig.  6.21  shows  examples  of  each  situa¬ 
tion,  along  with  guidelines  for  protection  design. 

Further  discussions  of  lightning  protection  aspects 
of  adhesive  bonds,  as  applicable  to  CFC  structures  and 


fuel  tanks  are  found  in  §6.5  and  7.11  respectively. 

Hinges  and  bearings:  If  hinges  or  bearings  are  located 
where  lightning  currents  might  pass  through  them, 
such  as  on  control  surfaces  in  Zones  IB  or  2 B,  they 
must  be  able  to  safely  conduct  the  currents  without 
impairment  of  their  function,  such  as  pitting  or  weld¬ 
ing  of  surfaces.  Otherwise  suitable  means  should  be 
provided  to  carry  the  lightning  current  around  the  ro¬ 
tating  surfaces.  Tests  and  experience  are  the  only  real 
guides  as  to  whether  the  hinge  might  be  excessively 
damaged. 
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Fig.  6.20  Sparicing  at  adhesive  bonded  joints. 


(a)  Typical  situation 

(b)  Photograph  of  test  specimen 


Fig.  6.21  Current  carrying  paths  added  to 
adhesively  bonded  joints. 

(a)  Stiffener 

(b)  Structural  joint 


Fig.  6.22  Piano-type  hinge- 


Problems  and  considerations  regarding  rapidly  ro¬ 
tating  bearings  of  propulsion  systems  are  discussed  in 
$6.7,  but  for  slowly  rotating  joints  experience  indi¬ 
cates  that  pitting  and  welding  damage  is  only  likely 
to  occur  when  a  hinge  or  bearing  has  a  single  point 
of  contact  through  which  moot  of  the  lightning  cur¬ 
rent  must  pass.  During  laboratory  testing,  welding  of 
poorly  joined  metal  surfaces  can  occur,  but  the  weld¬ 
ing  is  seldom  so  severe  that  the  joint  cannot  be  broken 
apart  by  hand.  Hinges  with  multiple  points  of  me¬ 
chanical  contact,  such  as  the  piano  hinge  illustrated  in 
Fig.  6.22,  are  able  to  safely  conduct  lightning  currents 
with  pitting  or  erosion  so  minor  as  not  to  present  any 


real  nazard. 

Hinges  and  bearings  for  aircraft  control  surfaces 
are  usually  of  such  a  size  as  to  require  no  special  pro¬ 
tection.  Lightning  current  could,  conceivably,  weld 
movable  parts  together,  but  the  weld  point  would  be 
small  enough  that  the  actuators  could  free  the  joint. 

If  tests  w ere  to  indicate  that  excessive  damage 
might  occur,  additional  conductivity  should  be  pro¬ 
vided.  The  most  effective  way  of  providing  this  ad¬ 
ditional  conductivity  is  to  provide  additional  areas  of 
contact  in  the  hinge  itself,  or  rise  to  provide  additional 
hinges. 
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Bonding  jumpers  on  hinges:  Flexible  bonding  straps 
or  jumpers  of  the  type  shown  in  Fig.  6.12  have  often 
been  installed  across  hinges.  In  many  cases,  however, 
the  jumpers  do  not  really  reduce  the  hinge  current. 
The  reason  for  this  is  that  lightning  current  tends  to 
follow  the  path  of  least  inductance  rather  than  the 
path  of  least  resistance  and  the  jumpers  almost  always 
involve  longer  and  mors  inductive  paths  than  do  the 
jiaths  directly  through  the  hinges. 

This  has  been  demonstrated  by  Stahmann  [6.10], 
who  found  that  bonding  jumpers  make  little  or  no  dif¬ 
ference  in  the  amount  of  superficial  pitting  that  oc¬ 
curs  on  typical  piano-type  hinges  on  control  surfaces 
or  landing  gear  doors,  even  when  the  dc  resistance 
through  the  hinge  was  as  high  as  several  ohms.  No 
binding  or  other  adverse  consequences  were  found  to 
result  from  the  pitting  that  occurred  in  Stahmann’s 
tests  of  piano-type  hinges  and  ball  joints. 

Bond  straps  across  hinges  are  sometimes  required 
to  prevent  the  electromagnetic,  interference  that  arises 
when  precipitation  static  changes  must  be  conducted 
through  hinges  with  loose  or  resistive  contact.  The 
low  currents  involved  are  sometimes  unable  to  follow 
interrupted  paths,  with  the  result  that  minute  spark¬ 
ing  occurs.  Bond  straps  are  usually  able  to  provide 
enough  conductivity  to  reduce  this  sparking.  If  bond 
straps  axe  applied  for  this  purpose,  the  guidelines  of 
Fig.  6.12  should  be  followed. 

To  be  sure  of  the  ability  of  a  particular  hinge  de¬ 
sign  to  safely  conduct  lightning  currents,  tests  in  which 
simulated  lightning  currents  are  conducted  through  a 
prototype  hinge,  should  be  performed.  The  teat  wave¬ 
forms  and  current  applicable  for  the  zone  in  which  the 
hinge  is  located  should  be  used.  If  excessive  pitting, 
binding,  or  welding  of  the  hinge  is  found  to  occur,  ad¬ 
ditional  conductivity  may  be  necessary. 

6.2.5  Joint  and  Bonding  Resistance 

While  not  a  lightning  effect  per  se,  some  dis¬ 
cussion  on  joint  and  bonding  resistance  is  is  order. 
The  question  of  what  constitutes  “good"  grounding 
and  bonding  has  always  been  murky  and  is  still  one 
that  evokes  controversy.  One  of  the  documents  widely 
cited  in  regard  to  bonding  and  lightning  protection  is 
US  Military  Standard  MIL-B-5087B  [6.11]  cn  bonding 
and  grounding.  One  approach  to  defining  a  “good” 
joint  would  be  to  invoke  MIL-B-5087  and  adopt  a  po¬ 
sition  that  any  joint  that  meets  its  criteria  is  “good.” 
That  standard  requires,  for  lightning,  that 

uThe  component  mutt  carry  the  lightning  dis¬ 
charge  without  risk  of  damaging  flight  con¬ 
trols  or  producing  sparking  or  voltages  in  ex¬ 
cess  of  500  volts.  ” 


Such  a  voltage  did  not  present  much  of  a  hazard  to 
the  electromechanical  and  vacuum  tube  components 
in  use  when  MJL-B-5087B  was  formulated.  For  a  200 
kA  lightning  discharge,  the  500  volt  criterion  basically 
requires  that  the  end-to-end  resistance  not  be  greater 
than  2.5  milliohms  (2.5  x  10-3  ohms). 

What  is  sometimes  read  into  the  standard  is  that 
for  lightning  purposes  a 11  joints  must  have  a  resistance 
of  2.5  milliohms  or  less.  Combined  with  the  term 
sparking  in  the  standard,  one  can  take  2.5  milliohms 
as  the  resistance  necessary  to  prevent  sparking.  That 
does  not  appear  to  have  been  the  intent  of  the  stan¬ 
dard. 

Whatever  may  have  been  the  intent  of  those  who 
drafted  MIL-B-5087B>  the  document  has  become  so 
ingrained  in  engineering  lore  as  to  become  an  article 
of  faith.  In  particular,  a  belief  has  developed  that  any 
joint  that  has  a  resistance  of  2.5  milliohms  or  less  is,  by 
virtue  of  MIL-B-5087B,  “good”  and  therefore  satisfac¬ 
tory  for  ail  purposes,  including  lightning.  A  corollary 
of  this  belief  (myth  is  a  better  term)  is  that  design¬ 
ers  need  be  concerned  only  with  demonstrating  that 
a  joint  have  a  resistance  of  2.5  milliohms  or  less.  A 
request  for  any  further  consideration  of  joints  is  some¬ 
times  taken  to  be  unnecessary  and  unreasonable. 

The  facts  of  the  matter  are  that  dc  resistance  is 
a  poor  criterion  to  use  for  evaluating  whether  a  joint 
is  “good”.  The  ability  of  a  joint  to  carry  high  current 
without  sparking  or  burning  is  really  determined  by 
contact  size,  treatment  of  mating  surfaces,  type  and 
number  of  fasteners  and  the  contact  pressure  on  the 
mating  surfaces.  These  happen  also  to  be  the  factors 
that  govern  joint  resistance,  but  that  is  not  the  same 
as  saying  that  resistance  is  the  proper  measure  of  the 
ability  of  a  joint  to  carry  lightning  current. 

A  desire  to  have  a  bonding  resistance  number  that 
can  be  cited  in  quality  control  documents  is  under¬ 
standable,  but  discussions  in  this  book  will  not  at¬ 
tempt  to  answer  the  question  of  what  resistance  might 
be  a  good  measure  of  the  quality  of  a  joint,  mostly  be¬ 
cause  the  authors  feel  that  any  number  that  might  be 
cited  would  be  misleading  and  probably  inadequate. 
It  is  much  better  to  rely  on  experience  and  the  results 
of  tests. 

Many  joints  that  have  proven  capable  of  carrying 
lightning  current  have  demonstrated  resistances  much 
lower  than  2.5  milliohms,  but  some  joints  have  pro¬ 
duced  spark  showers,  even  though  the  dc  resistance 
was  less  than  2.5  millioms.  An  example  is  shown  in 
Fig.  6.23.  The  cover  plate  shown  had  a  resistance 
prior  to  test  of  0.53  milliohms,  by  virtue  of  the  bonding 
jumper  shown,  yet  a  test  at  100  kA  produced  violent 
sparking.  Whether  100  kA  represents  a  reasonable  cur¬ 
rent  to  expect  on  that  particular  plate,  or  whether  the 
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observed  sparking  really  represents  a  hazard,  depends 
on  the  total  current  to  be  expected  in  the  structure 
and  the  number  of  fasteners  available  to  conduct  this 
current. 

At  other  tirp.es,  there  have  been  joints  that  had 
resistance  much  greater  than  2.5  milliohms,  yet  would 
have  been  perfectly  adequate  for  the  particular  appli¬ 
cation. 


Sparks  from  test 


Fig.  6.23  Sparks  from  a  test  piece  having  a  joint 
resistance  of  only  0.53  milliohms. 

(a)  Geometry 

(b)  Photograph  during  test 


In  summary,  a  joint  resistance  of  2.5  milliohms, 
or  any  other  specific  resistance,  does  not,  of  itself, 
prove  that  the  joint  is  either  suitable  or  not  suitable  for 
any  particular  application  where  lightning  io  involved. 
The  adequacy  of  any  joint  or  fastener  configuration 
to  safely  carry  lightning  current  must  be  determined 
by  laboratory  test  at  current  levels  representative  of 
the  full  specified  lightning  threat.  No  dc  resistance  cri¬ 
terion  or  analysis  procedures  exist  that  can  reliably 
predict  when  arcing  or  the  effects  of  arcing  will  occur 
at  a  particular  joint. 

6.3  Non-Conducting  Composites 

While  lightping  protection  of  metallic  structures 
is  mostly  a  matter  of  attention  to  detail  and  does  not 
usually  incur  much  cost  or  weight,  lightning  protec¬ 
tion  of  non-metallic  structures  is  another  matter  en¬ 
tirely.  Lightning  protection  must  be  considered  from 
the  start  and  such  protection  may  involve  unexpected 
and  unwelcome  program  costs  or  may  involve  added 
materials  and  weight.  Eadomes  in  particular  must  be 
given  special  attention  to  protect  them  from  lightning. 
They  are,  of  necessity,  made  from  insulating  material 
and  because  they  are  mounted  on  extremities  of  the 
aircraft  they  are  natural  targets  for  lightning. 

There  are  several  basic  types  of  nonmetallic  ma¬ 
terial  used  in  aircraft  structures;  non-conducting 
composites,  covered  in  thi3  section,  and  electrically 
conductive  composite  materials,  covered  in  §6.5  and 
§6.6.  The  non-conducting  materials  include  fiber  rein¬ 
forced  plastics,  such  as  aramid  fiber  and  fiberglass,  and 
non-filled  resins,  such  as  polycarbonates  and  acrylics. 
Glass  is  also  employed,  particularly  xor  windshields,  aj 
discussed  in  §6.4. 

Non-conductive  composites  are  employed  in  many 
secondary  structures  such  as  radomes,  wing  and  em¬ 
pennage  tips,  fairings  and  fins,  where  medium  strength 
is  sufficient  and  complex  shapes  can  be  more  read¬ 
ily  molded  than  fabricated  or  where  skins  must  be 
transparent  to  radio  and  radar  waves.  Polycarbon¬ 
ates,  acrylics  and  glass  are  used  for  canopies  and  wind¬ 
shields  where  optical  transparency  is  desired. 

6.3.1  Damage  Effects 

Non-conductive  composites  are  electrical  insula¬ 
tors  and  cannot  carry  lightning  current.  When  em¬ 
ployed  as  an  exterior  skin,  they  are  often  punctured 
by  a  lightning  flash  that  contacts  some  metal  object 
beneath  the  skin.  The  high  amplitude  return  stroke 
currents  can  then  result  in  large  holes  and  damage  to 
these  materials,  as  described  in  Chapter  4.  Radomes 
not  provided  with  lightning  protection  devices  are  sub¬ 
ject  to  such  puncture  and  an  example  of  a  radome  de¬ 
stroyed  by  puncture  was  shown  in  Fig.  4.11. 
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Punctures  of  these  composites  can  be  prevented 
by  installing  conductors  to  intercept  the  lightning 
flashes  and  divert  them  to  the  surrounding  metallic 
structure.  Design  of  such  conductors  requires  some 
understanding  of  the  mechanism  of  puncture  and  this 
is  reviewed  in  the  following  section. 

V 

6.3.2  Mechanism  of  Damage 

Lightning  produces  damage  to  a  non-conducting 
skin  by  two  different  mechanisms;  by  puncture  or  by 
surface  flashover.  Both  are  controlled  by  the  strength 
of  the  local  electric  field. 

Electric  fields;  The  basic  electrical  breakdown  pro¬ 
cess  was  reviewed  in  Chapter  1  and  in  Chapter  3  the 
mechanism  of  attachment  to  an  aircraft  was  reviewed. 
As  noted  in  those  sections,  high  electric  fields  result 
in  the  formation  of  corona  and  streamers  which  prop¬ 
agate  outward  from  the  aircraft.  Fig.  6.24  shows  a 
sketch  of  the  process.  Whether  the  streamers  from 
the  aircraft  are  induced  by  the  rapidly  changing  elec¬ 
tric  field  of  an  approaching  lightning  leader  or  whether 
they  grow  in  response  to  a  quasi-static  electric  field  is 
rather  academic;  the  point  is  that  the  leaders  do  de¬ 
velop. 

The  surface  conductivity  of  the  composite,  1012  to 
1014  ohms  per  square  for  materials  used  in  fairings  and 
106  ohms  per  square  for  materials  used  in  radomes,  is 
sufficient  to  yield  relaxation  times  of  10-100  millisec¬ 
onds.  Relaxation  time  is  a  measure  of  how  long  it  takes 
electrical  charge  to  move  off  a  surface. 

What  this  means  is  that  in  response  to  a  slowly 
changing  external  electric  field,  charges  will  migrate 
from  neighboring  conductive  structures  on  to  the  non- 
conductive  surface.  These  charges  reduce  the  electric 
field  intensity  within  and  underneath  the  surface. 

If  the  external  electric  field  changes  rapidly,  how¬ 
ever,  as  it  does  if  it  is  produced  by  an  approaching 
lightning  leader,  charge  cannot  move  across  the  sur¬ 
face  of  the  composite  material  fast  enough  to  prevent 
electric  fields  from  penetrating  to  the  regions  covered 
by  the  dielectric  skin.  If  the  internal  electric  field  be¬ 
comes  high  enough,  electrical  streamers  will  form  on 
the  internal  metallic  objects  and  will  propagate  out¬ 
ward  and  come  into  contact  with  the  internal  surface 
of  the  skin.  There  they  will  deposit  electric  charge, 
as  shown  in  Fig.  6.24.  A  crude  analogy  is  that  the 
streamers  spread  electric  charge  around  in  the  same 
way  that  a  water  hose  would  spread  water  around  on 
the  internal  surface. 

The  electric  charge  will  produce  an  electric  field, 
Fig.  6.24(b),  having  one  component  directed  tangen¬ 
tially  along  the  inner  surface  and  one  component  di¬ 
rected  radially  through  the  skin  and  out  to  the  air. 


(a)  Internal  and  external  streamers 

(b)  Charges  and  electric  fields  produced 
by  internal  streamers 

Because  the  dielectric  constant  of  the  skin  is  higher 
than  that  of  the  air,  the  electric  field  in  the  compos¬ 
ite  skin  material  will  be  lower  than  the  electric  field 
in  the  air.  What  happens  next  involves  some  complex 
interactions  between  the  development  of  the  internal 
and  external  streamers  and  the  dielectric  strength  of 
the  materials  involved. 

External  flashover;  One  possibility  is  that  external 
streamers  from  adjacent  metal  structure  may  develop 
fast  enough  to  suppress  the  internal  streamers.  A 
streamer  develops  from  a  metal  surface  when  the  elec- 
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trie  field  at  that  surface  becomes  sufficiently  high.  As 
the  streamer  propagates  away  from  the  surface  the 
field  at  its  tip  remains  high  (which  is  why  it  prop¬ 
agates),  but  the  streamer  acts  like  a  conductor  and 
tends  to  reduce  the  electric  field  at  points  behind  it, 
as  shown  in  Fig.  6.25.  This  reduction  robs  any  par¬ 
allel  streamers  of  the  electric  field  they  need  to  con¬ 
tinue  propagating.  If  the  surface  electric  field  is  re¬ 
duced  enough,  the  other  electric  streamers  will  cease 
to  grow  and  the  external  streamer  that  is  furthest  ex¬ 
tended  will,  so  to  speak,  win  the  race  and  provide  the 
path  for  the  lightning  flash.  An  example  of  an  external 
streamer  intercepting  an  approaching  leader  is  shown 
in  Fig.  6.26. 


time 


Fig.  6.25  Suppression  of  electric  field  by  streamers. 

(a)  External  electric  field 

(b)  External  streamers 

(c)  Suppressed  internal  electric  field 

(d)  Suppressed  internal  streamers 
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Fig.  6.26  Simulated  lightning  attachment  point 
tests  of  a  nose  radome. 

Note  intersection  of  approaching  and 
induced  streamers. 


Puncture:  The  other  situation,  however,  is  that 
corona  forms  on  the  outer  surface  of  the  cover  and 
propagates  out  into  the  air,  as  shown  in  Fig.  6.27.  This 
deposits  charge  on  the  outer  surface  as  well  and  even¬ 
tually  results  in  a  radial  electric  field  sufficiently  high 
that  the  cover  is  punctured.  Once  puncture  occurs, 
a  spark  is  formed  and  current  is  free  to  pass  through 
the  skin  material.  If  the  main  lightning  path  is  to 
an  adjacent  metallic  structure,  the  puncture  may  only 
produce  a  small  pinhole  in  the  skin,  but  if  the  main 
lightning  current  goes  through  the  skin,  the  shock  wave 
released  frequently  is  enough  to  severely  damage  the 
skin.  Damage  produced  by  puncture  of  a  radome  was 
shown  in  Fig.  4.11. 

Puncture  is  most  likely  to  occur  with  a  compos¬ 
ite  material  because  those  materials  have  microscopic 
holes  through  which  an  electric  discharge  can  easily 
propagate.  The  voltage  required  to  puncture  a  given 
thickness  of  fiberglass  or  aramid  fiber  composite  is,  in 
fact,  only  slightly  greater  than  that  required  to  ionize 
a  similar  thickness  of  air.  A  measure  of  the  ability 
of  a  non-conductive  material  to  resist  puncture  is  its 
dielectric  strength.  Homogeneous  materials,  such  as 
acrylic  and  polycarbonate  sheets,  have  very  high  di¬ 
electric  strength  and  are  more  resistant  to  puncture. 
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The  puncture  voltage  of  some  typical  fiberglass  skins 
used  in  radomes  is  shown  in  Table  6.3. 

Unprotected  radomes  are  most  often  punctured, 
partly  because  of  the  low  dielectric  strength  of  non- 
conductive  composites  and  partly  because  the  radar 
antenna  must,  of  necessity,  protrude  beyond  any  sur¬ 
rounding  metal  structure.  This,  in  turn,  means  that 
the  electric  field  is  concentrated  around  the  metal 
structure  of  the  radar  and  that  electrical  streamers  can 
most  easily  form  there.  The  mechanism  of  puncture  is 
shown  in  Fig.  6.27. 

Table  6.3 


Impulse  Breakdown  Voltages  of  Typical 
Fiberglass  Skin  Materials 


Skin  Construction 

Total 

Thickness 

Breakdown 

Voltage 

One  fiberglass  sheet 

0.163  cm 
0.064  in 

21  kV 

Two  filament-wound  fiber-  1.27  cm 
glass  tape  skins  enclosing  0.50  in 
polyimide  foam  filler 

180  kV 

Two  fiberglass  skins 
enclosing  foam  filler 

0.99  cm 
0.39  in 

70  kV 

Protection  of  non-conductive  composites:  Whether 
or  not  a  structure  needs  to  be  protected  against  light¬ 
ning  depends  both  on  its  function  and  the  conse¬ 
quences  of  damage.  If  loss  of  the  structure  does  not 
create  a  serious  hazard,  then  protection  may  not  be 
required.  For  example,  the  loss  of  a  small  tail  cone 
or  empennage  tip  may  not  endanger  the  aircraft  and 
these  can  be  left  unprotected  and  repaired  or  replaced 
in  the  event  of  a  lightning  strike.  The  loss  of  a  nose 
radome  during  IFR  conditions,  however,  would  prob¬ 


ably  not  be  acceptable  since  loss  of  the  radome  might 
also  lead  to  the  radar  being  disabled. 

There  are  two  basic  ways  of  providing  protection 
for  non-conductive  composites.  One  employs  diverter 
strips  or  bars  on  the  exterior  surface  to  intercept  light¬ 
ning  flashes,  while  allowing  the  skin  to  be  transparent 
to  electromagnetic  waves.  This  is  the  approach  used 
for  protection  of  radomes  and  some  antenna  fairings. 
The  other  method  is  to  apply  an  electrically  conductive 
material  over  the  exterior  of  the  structure.  This  latter 
method  provides  the  most  effective  lightning  protec¬ 
tion  and  should  be  employed  whenever  possible.  It 
also  provides  improved  protection  of  enclosed  systems 
against  indirect  effects. 

6.3.3  Protection  With  Diverters 

There  are  two  types  of  diverter:  solid  and  seg¬ 
mented.  If  properly  applied,  either  type  significantly 
reduces  the  number  of  lightning  related  punctures  (of 
a  radome  for  example),  but  they  are  not  100%  effec¬ 
tive.  Occasional  punctures  of  protected  radomes  will 
still  occur.  Application  of  diverters  will  be  discussed 
with  particular  emphasis  on  radomes,  because  that  is 
where  they  are  most  commonly  used,  but  the  discus¬ 
sion  is  equally  applicable  to  any  insulating  structure, 
such  as  wingtips  made  from  non-conducting  compos¬ 
ites. 

Solid  divertors:  Solid  diverters  are  continuous  metal 
bars  placed  on  the  outside  of  a  skin  to  intercept  a 
lightning  flash  and  conduct  the  current  to  an  adjacent 
metallic  structure.  They  also  provide  some  electro¬ 
static  shielding  from  the  external  electric  field  for  ob¬ 
jects  under  the  skin,  and  thus  they  tend  to  inhibit  the 
growth  of  streamers  from  these  internal  objects.  Fig. 
6.28  shows  solid  diverters  mounted  to  the  outside  of  a 
radome. 

Solid  diverters  should  be  designed  to  conduct, 
without  damage,  the  lightning  current  of  the  zone  in 
which  the  part  is  located,  typically  200  k  A,  2  x  106  A2s 
for  diverters  on  a  nose  radome  in  Zone  1A.  Solid  di¬ 
verters  are  usually  made  of  aluminum,  with  a  rect¬ 
angular  cross  section  sufficient  to  permit  conduction 
of  the  current  without  excessive  tmperature  rise.  For 
mechanical  reasons,  and  to  prevent  holes  for  fasteners 
from  unduly  reducing  the  cross-sectional  area,  most 
diverters  have  cross-sectional  areas  of  about  0.5  cm2 
(0.08  in2,  though  some  are  larger.  A  common  design 
is  3.2  mm  (0.125  in)  thick  by  12.7  mm  (0.50  in)  wide, 
but  thicknesses  of  up  to  6.4  mm  (0.25  in)  have  been 
used.  The  diverters  are  usually  attached  to  the  skin 
with  screws  spaced  approximately  15  cm  (6  in)  apart. 

It  is  important  that  the  diverters  be  securely  fastened 
to  the  skin  to  prevent  their  loss  due  to  rain  erosion 
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and  lightning  magnetic  force  effects.  In  sandwich  type 
skins  with  foam  or  honeycomb  cores,  the  mounting  fas¬ 
teners  are  often  surrounded  by  plastic  inserts  to  pre¬ 
vent  moisture  from  entering  the  cores. 

If  solid  diverters  are  installed  on  the  outside  sur¬ 
face,  they  may  cause  some  drag.  This  can  be  mini¬ 
mized  by  orienting  the  bars  parallel  to  the  airstream, 
by  shaping  the  cross  section  of  the  bars  aerodynami- 
cally,  or  by  embedding  the  diverters  into  the  external 
surfaces  of  the  skins. 


Fig.  6.28  Solid  diverters  on  a  radome. 


In  general,  the  thicker  the  wall,  the  farther  apart 
may  be  the  studs.  In  many  cases,  30  cm  (1  ft)  is  close 
enough,  but  each  individual  case  must  be  evaluated  by 
strike  attachment  tests.  Appropriate  test  procedures 
are  discussed  in  §6.8. 

Foil  strips:  Thin  foil  strips,  usually  made  of  aluminum 
0.008  to  0.040  cm  (0.003  to  0.015  in)  thick,  have  oc¬ 
casionally  been  used  in  the  past,  but  these  usually 
provide  protection  against  only  one  flash  since  they 
may  melt  or  vaporize.  In  such  a  case  they  leave  an 
ionized  channel  through  which  subsequent  currents  in 
the  same  flash  can  travel.  Protection  is  lost  for  later 
flashes.  Also,  the  exploding  strip  may  sometimes  dam¬ 
age  the  adjacent  composite  material.  For  these  reasons 
they  are  not  recommended  for  certifiable  designs  and 
no  further  discussion  of  them  will  be  provided. 


Internal  diverters:  Embedding  solid  diverters  into 
a  composite  skin  creates  tooling  and  manufacturing 
problems  and  may  also  degrade  the  strength  of  the  skin 
because  of  stress  concentrations  along  the  required 
grooves.  An  alternative  is  to  mount  solid  diverters 
on  the  inside  surface,  with  metal  fasteners,  sometimes 
called  studs  protruding  through  the  wall  to  serve  as 
lightning  attachment  points,  as  shown  in  Fig.  6.29. 
Although  this  type  of  diverter  installation  may  reduce 
the  aerodynamic  drag  created  by  external  mounting, 
it  does  not  take  advantage  of  the  insulation  capabil¬ 
ity  of  the  dielectric  wall,  and  internal  side  flashes  can 
result.  In  addition,  magnetic  forces  due  to  lightning 
flashes  sweeping  from  one  stud  to  the  next  may  tear 
the  diverter  away  from  the  skin. 


Segmented  diverters:  Solid  diverter  bars  tend  to  in¬ 
terfere  with  the  beam  from  a  radar  antennna,  and  to 
overcome  this,  segmented  diverters,  also  called  “but¬ 
ton  strips,”  were  developed  [6.12  -  6.15].  These  consist 
of  a  series  of  thin,  conductive  segments,  or  “buttons,” 
interconnected  by  a  resistive  material,  and  fastened  to 
a  thin  composite  strip  which  can  then  be  cemented  to 
the  surface  to  be  protected.  Typical  strips  [6.17]  are 
shown  in  Fig.  6.30. 

Segmented  diverters  do  not  provide  a  metal  path 
to  carry  lightning  current.  Instead,  they  provide  many 
small  airgaps  that  ionize  when  a  high  electric  field  is 
applied.  Since  the  small  gaps  are  close  together,  the 
resulting  ionization  is  nearly  continuous  and  thus  pro¬ 
vides  a  conductive  path  for  lightning  leaders  and  flash 
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currents.  The  segmented  diverters  thus  guide,  rather 
than  conduct,  the  flash  across  the  protected  surface. 
The  structure  and  ionization  process  of  segmented  di¬ 
verters  are  shown  in  Fig.  6.31. 

Segmented  diverters  have  been  used  on  many 
radome  systems.  The  field  experience  to  date  indi¬ 
cates  that  for  most  applications,  they  appear  to  be 
almost  as  effective  as  solid  diverters. 


Fig.  6.30  Segmented  diverters. 


Ionization:  In  order  for  segmented  diverters  to  ionize, 
there  must  be  an  electric  field  tangential  to  the  length 
of  the  diverter.  This  is  provided  by  the  approaching 
lightning  leader,  or  by  intense  ambient  fields  that  pre¬ 
cede  an  aircraft  triggered  strike. 

Effect  of  internal  conductors:  Conductors  beneath 
the  structure  being  protected  can  affect  the  perfor¬ 
mance  of  segmented  diverters.  A  conductor  imme¬ 
diately  beneath  the  strip  will  short  out  most  of  the 
tangential  electric  field  and  inhibit  ionization  of  the 
diverter.  Even  if  the  diverter  does  ionize,  there  will  be 
a  voltage  rise  along  it  and  that  voltage  may  be  suffi¬ 
cient  to  cause  puncture  to  the  internal  conductor.  This 
can  also  happen  when  tubes  or  antennas  are  placed  on 
or  near  the  inside  surface  of  the  radome.  Positioning 
such  conductors  away  from  the  skin  will  improve  the 
situation. 

Spacing  bstwssn  diverters:  The  maximum  spacing 
between  segmented  diverters,  and  the  minimum  per¬ 
missible  spacing  to  underlying  conductors,  is  depen¬ 
dent,  among  other  things,  upon  the  amount  of  voltage 


required  to  ionize  the  segmented  strips.  Ideally,  the 
ionization  voltage  (electric  field  strength  might  be  a 
better  term)  would  be  lower  than  that  required  to  ion¬ 
ize  a  path  along  the  bare  surface  of  the  radome  and 
also  much  lower  than  that  required  to  puncture  the 
radome.  Laboratory  tests  have  shown  the  ionization 
levels  of  severed  strip  designs  to  be  20  to  50  kV  per 
meter.  This  is  much  less  than  the  500  to  700  kV  per 
meter  required  to  ionize  the  air  across  an  insulating 
surface. 
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Fig.  6.31  Design  and  breakdown  process 
in  segmented  diverters. 

(a)  Design 

(b)  Breakdown  and  conduction  process 


Breakdown  voltage:  Ionization  of  segmented  divert¬ 
ers  is  a  highly  nonlinear  process  and  the  total  voltage 
required  to  cause  ionization,  when  applied  end  to  end, 
may  change  very  little  as  the  length  of  the  strip  is  var¬ 
ied.  Ionization  probably  proceeds  from  the  ends  in 
a  self  propagating  manner,  similar  to  the  propagat¬ 
ing  leaders  discussed  in  Chapters  1  and  2.  The  test 
configuration,  generator  characteristics,  measurement 
connections  and  gaps  between  the  generator  and  the 
strip  have  been  observed  to  significantly  alter  the  test 
results  and  the  conditions  to  cause  ionization  axe  not 
understood  as  well  els  one  might  like.  Laboratory  com¬ 
parisons  of  various  diverter  designs  may  not  be  suffi- 
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cient  to  tell  how  the  diverters  will  work  in  actual  prac¬ 
tice.  Laboratory  testing  of  complete  non-conducting 
structures,  such  as  radomes,  including  simulation  of 
the  conducting  objects  inside  the  radome,  is  the  best 
way  to  evaluate  any  particular  design. 

Application  of  diverters:  Proper  application  of  either 
type  of  diverter  involves  being  sure  that  there  is  never 
enough  voltage  to  cause  puncture  through  the  insulat¬ 
ing  structure  to  the  internal  objects.  Voltage  can  de¬ 
velop  because  of  the  resistance  of  the  ionized  channel 
along  a  segmented  diverter  or  because  of  the  induc¬ 
tance  of  a  solid  diverter.  Diverters  should  be  neither 
too  far  from  the  objects  to  be  protected  nor  too  close. 
Typical  diverter  spacings  range  from  30  cm  (12  in)  to 
60  cm  (24  in).  Application  guidelines  are: 

1.  As  much  as  possible,  orient  the  diverters  in  a  fore 
and  aft  direction,  as  shown  in  Fig.  6.32(a).  This 
provides  an  opportunity  for  swept  strokes  to  fol¬ 
low  the  diverter,  rather  than  jumping  across  the 
insulating  structure  being  protected. 

2.  Provide  an  adequate  number  of  diverters  and  keep 
the  current  path  as  short  as  possible,  although 
this  might  require  some  diverters  to  be  oriented 
perpendicular  to  the  line  of  flight. 

3.  Use  enough  diverters  to  be  sure  that  any  light¬ 
ning  strike  will  flash  across  the  surface  of  the  skin 
rather  than  puncturing  the  skin  and  striking  the 
objects  under  the  skin.  Fig.  6.32(b)  illustrates 
the  point. 

4.  The  spacing  of  either  type  of  diverter  depends  on 
the  dielectric  strength  of  the  skin  material,  the 
proximity  of  conducting  objects  behind  the  skin, 
and  the  length  of  the  diverters.  Typical  spacings 
range  from  30  cm  (12  in)  to  60  cm  (24  in),  but 
there  are  no  “cook  book”  analytical  tools  with 
which  to  determine  the  necessary  spacing  for  par¬ 
ticular  configurations.  Selection  of  spacing  is  best 
done  by  test  of  actual  structures  with  diverters 
applied  in  a  “cut  and  try”  process.  Flat  panel 
specimens  of  the  non-conductive  composite  skin 
may  be  used  for  spacing  tests;  it  is  not  necessary 
to  have  a  complete  sample  of  the  object  to  be  pro¬ 
tected.  A  typical  test  setup  is  shown  in  Fig.  6.33. 

5.  Be  sure  that  the  current  along  the  diverter  does 
not  produce  enough  inductive  voltage  rise  to  cause 
puncture  to  the  internal  objects,  as  illustrated  in 
Fig.  6.34.  The  inductive  voltage  rise, 

v‘l7,  <•■»> 


may  be  calculated  by  assuming  L  to  be  1  pH/m  for 
most  diverters,  and  assuming  dl/dt  to  be  100,000 
A/ps  (1  x  10n  A/s).  This  voltage  rise  must  be 
compared  with  the  puncture  voltage  of  the  com¬ 
posite  skin  and  the  air  gap  between  the  skin  and 
conductive  objects  inside.  If  this  is  not  known, 
the  design  can  be  verified  by  a  high  current  test 
of  a  typical  diverter  installation. 

6.  Fasten  the  diverter  strips  or  bars  securely  to  the 
skin.  Solid  diverters  are  mechanically  fastened 
about  every  16  cm  (6  in).  Segmented  diverters 
are  adhesively  bonded  directly  to  the  composite 
skin. 

At  the  aft  end  of  either  type  of  diverter,  provide  a 
suitable  path  to  carry  the  lightning  current  to  the 
conducting  airframe  structure.  This  can  be  via 
a  single  fastener  or  a  fastener  and  spacer  combi¬ 
nation,  as  illustrated  in  Fig.  6.35.  In  either  case 
the  arrangement  should  be  capable  of  conducting 
currents  appropriate  for  the  zone  in  which  the  di¬ 
verters  ere  located. 

7.  Provide  an  appropriate  finish.  This  may  be  a 
paint  on  solid  diverters,  but  the  individual  seg¬ 
ments  of  segmented  diverters  must  not  be  covered 
with  primers  or  paints.  If  covered  with  paint, 
these  diverters  will  not  ionize  and  thus  will  not 
function. 

8.  The  protection  adequacy  of  a  complete  diverter 
arrangement  should  be  verified  by  high  voltage 
strike  attachment  tests  to  verify  ability  to  inter¬ 
cept  strikes  and  prevent  puncture,  and  by  high 
current  tests  to  confirm  adequacy  of  mechanical 
and  electrical  fastening  and  grounding  designs. 
These  tests  must  be  conducted  on  full  scale  hard¬ 
ware  duplicating  that  to  be  used  in  production. 

The  intent  of  Guideline  3  is  to  assure  that  enough 
diverters  are  used  to  prevent  punctures  resulting  from 
initial  srikes.  Guideline  4  extends  this  criterion  for 
swept  strokes,  and  Guideline  5  is  aimed  at  preventing 
punctures  resulting  from  inductive  voltages  that  arise 
when  lightning  currents  flow  through  the  diverter. 
Guideline  6  is  aimed  at  assuring  that  the  diverter  re¬ 
mains  physically  attached  and  adequately  bonded  to 
the  airframe  when  it  is  called  upon  to  conduct  or  guide 
high  currents. 

In  applying  these  guidelines  it  is  helpful  to  know 
the  voltage  needed  to  puncture  covers  or  to  cause 
flashover  across  a  surface.  The  voltage  to  puncture 
a  particular  nonmetallic  skin  is  a  function  of  the  ma¬ 
terial  type  and  thickness,  as  well  as  of  layup  patterns, 
core  fillers,  and  surface  treatments.  Examples  of  skin 
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puncture  voltages  determined  from  1000  kV/ps  im¬ 
pulse  tests  were  given  in  Table  6.3.  The  voltage  re¬ 
quired  to  produce  a  flashover  through  air  or  across  an 
insulating  surface  is  about  500  kV/m  or  5  kV/cm,  if 
the  voltage  is  maintained  for  several  microseconds,  as 
it  might  be  when  a  streamer  first  contacts  the  sur¬ 
face.  If  the  voltage  is  of  short  duration,  such  as  the 
inductive  voltage  produced  by  current  along  a  diverter, 
then  the  required  breakdown  stress  is  higher,  perhaps 
10  kV/cm.  The  influence  of  gap  length  and  duration 
of  voltage  was  also  discussed  in  §1.5.3  and  §1.6.2. 


Fig.  6.32  Diverters  on  a  radome. 

(a)  Fore  and  aft  diverters  to 
allow  flash  to  sweep 

(b)  Excessive  spacing  of  diverters 
allows  punc  ture 

(c)  Proper  spacing  of  diverters 

Balancing  spacing  between  diverters  with  the 
puncture  strength  of  the  surface  being  protected  usu¬ 
ally  requires  tests,  the  principles  of  which  are  shown 
in  Figs.  6.33  and  6.36. 

6.3.4  Protection  With  Conductive  Coatings 

Where  electromagnetic  transparency  is  not  re¬ 
quired,  conductive  materials  can  be  applied  to  the 
surface  to  conduct  lightning  currents  to  the  airframe. 


Fig.  6.33  Test  of  flat  panel  to  determine 
diverter  spacing. 

(a)  Front  view 

(b)  Side  view 


Materials  include  arc  or  flame  sprayed  metals,  woven 
wire  fabrics,  solid  metal  foils,  expanded  metal  foils, 
aluminized  fiberglass,  nickel  plated  aramid  fiber  and 
metal  loaded  paints.  Some  of  these  systems  can  also 
be  used  to  protect  CFC  materials,  as  described  in  §6.5. 

Arc  or  flame  sprayed  metals:  These  are  solid  metal 
coatings  applied  by  spraying  molten  metal  onto  the 
surface  to  be  protected.  Thicknesses  range  from  0.1 
to  0.2  mm  (0.004  •  0.008  in)  and  the  most  common 
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metal  is  aluminum,  though  other  metals  have  occa¬ 
sionally  been  used  when  corrosion  is  of  major  concern. 
The  metal  solidifies  on  the  exterior  surface  of  the  com¬ 
posite,  resulting  in  a  hard,  stiff  and  conductive  layer 
which  is  capable  of  conducting  Zone  1A  or  IB  currents 
with  very  little  damage.  The  sprayed  metal  can,  and 
should,  be  painted,  but  the  paint  will  intensify  dam¬ 
age  at  strike  attachment  points,  Sprayed  coatings  will 
have  a  somewhat  rough  finish  and  may  require  smooth¬ 
ing.  This  can  be  overcome  by  spraying  the  metal  into 
a  mold,  after  which  the  composite  plies  are  laid  in  and 
cured.  In  this  case  the  metal  finish  is  smooth. 

Advantages  of  the  arc  or  flame-sprayed  metals  are 
very  good  protection  for  all  strike  zones  and  their  abil¬ 
ity  to  cover  complex  shapes  that  would  be  difficult  to 
cover  with  wire  meshes  or  foils.  Disadvantages  are 
cost,  weight  and  difficulty  of  having  the  sprayed  metal 
release  from  a  mold. 


Fig.  6.34  Inductive  voltage  developed 
along  a  diverter. 


Woven  wire  fabrics:  Metallic  fabrics  woven  from  small 
diameter  wires  of  aluminum  or  copper  can  provide  very 
effective  protection  for  non-conductive  surfaces.  Quin- 
livan,  Kuo  and  Brick  [6.18],  and  King  [6.19]  inves¬ 
tigated  woven  wire  fabrics  and  metal  foils  primarily 
as  protection  for  carbon  fiber  composite  (CFC)  ma¬ 
terials,  but  their  findings  apply  to  the  protection  of 
non-conductive  composites  as  well.  The  metal  fabrics 
most  commonly  applied  are  woven  of  aluminum  wires 
spaced  40  to  80  per  cm  (100  or  200  per  inch).  Wire  di¬ 
ameters  range  from  0.05  to  0.1  mm  ((0.002  -  0.004  in). 
These  fabrics  are  identical  to  filter  screens  commonly 
used  in  the  chemical  and  water  processing  industries. 


Fig.  6.35  Methods  of  grounding  diverters. 

(a)  Single  large  diameter  fastener 

(b)  Single  small  diameter  fastener 
with  conductive  spacer 

(c)  Same  as  (b)  with  clamp  over  end 
of  diverter 

Woven  wire  fabrics  do  not  drape  well  over  sur¬ 
faces  with  compound  curves  and  this  is  especially  true 
of  tightly  woven  fabrics.  They  must  be  cut  and  lapped 
to  fit.  Wire  fabrics  can  readily  be  co-cured  in  a  com¬ 
posite  laminate  since  the  resin  can  flow  around  the 
individual  wire  strands.  They  can  also  be  cemented 
onto  a  previously  manufactured  surface,  though  care 
should  be  taken  not  to  let  much  of  a  film  of  adhesive 
build  up  atop  the  wires. 

Advantages  of  wire  fabrics  include  ability  to  co¬ 
cure  with  the  composite  laminate,  very  effective  pro¬ 
tection  for  all  strike  zones,  flexibility  and  light  weight, 
typically  0.15  -  0.2  kg/m2  (0.03  -  0.04  lbs/ft2).  Part  of 
their  effectiveness  comes  because  the  roughness  of  the 
wire  fabrics  encourages  arc  root  dispersion.  They  also 
provide  protection  against  particle  erosion. 

A  disadvantage  is  difficulty  in  draping  over  com¬ 
pound  curves.  This  may  require  the  fabrics  to  be  cut 
into  gores  and  lapped  to  fit. 
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Fig.  6.36  Experimental  determination  of  maximum 
diverter  displacement  distance. 

Solid  metal  foil:  Metal  foil  can  be  cemented  over  a 
non-conducting  surface  to  provide  a  conducting  layer. 
Metal  foils  of  0.025  mm  (0.001  in)  or  greater  provide 
lightning  protection  that  is  about  the  same  as  that 
provided  by  wire  meshes.  A  substantial  amount  of  foil 
this  thick  will  be  melted  away  at  lightning  attachment 
points,  but  the  non-conductive  material  underneath 
will  not  generally  suffer  more  than  cosmetic  damage. 
Partly,  the  protection  is  afforded  because  the  foil  sepa¬ 
rates  from  the  surface  being  protected,  moving  the  arc 
root  away  from  the  surface. 

The  amount  of  metal  foil  melted  away  by  a  strike 
is  related  to  the  intensity  of  the  lightning  current  and 
to  the  thickness  of  the  foil,  but  there  are  no  significant 
differences  in  performance  for  the  various  types  of  met¬ 
als.  Most  protection  applications  have  used  aluminum 
foil. 

Manufacturing  concerns  have  limited  the  appli¬ 
cation  of  metal  foil  as  protection.  Metal  foil,  like 
metal  fabrics,  will  not  drape  smoothly  over  a  com¬ 
pound  curve.  To  prevent  wrinkles  it  must  be  cut  and 
spliced  and  this  results  in  seams  which  might  arc  and 
delaminate,  even  at  low  current  levels.  The  foil  also 
has  a  smooth  surface,  which  makes  it  hard  to  bond  to 
the  surface  to  be  protected.  Unbonded  areas  may  al¬ 
low  the  foil  to  become  delaminated  and  they  also  cam 
collect  moisture,  which  can  cause  corrosion. 

Because  of  these  difficulties  solid  metal  foils  are 
rarely  used  to  protect  composite  materials. 

Expanded  metal  foils:  These  are  fabricated  by  a 
milling  process  that  perforates  and  stretches  a  solid 
metal  foil.  It  has  the  appearance  of  a  woven  wire  mesh, 
yet  is  fabricated  of  one  piece  of  metal,  and  thus  has 
better  conductivity  than  metal  fabrics  which  depend 
on  contact  between  the  wires  to  provide  conductiv¬ 
ity.  Protection  effectiveness  is  very  good  for  all  zones 
and  about  the  same  as  woven  wire  meshes  and  flame 
sprayed  metals. 


Expanded  foils  are  better  than  wire  fabrics  at 
draping  over  compound  curves  since  they  can  be 
stretched  somewhat.  They  can  be  bonded  to  com¬ 
posite  laminates  as  well  as  wire  fabrics  and,  like  fab¬ 
rics,  tend  to  promote  arc  root  dispersion.  Thus,  much 
less  expanded  foil  will  be  burned  away  at  a  strike  at¬ 
tachment  point  than  would  be  the  case  for  an  equal 
thickness  of  solid  foil. 

Aluminized  fiberglass:  Glass  fibers  can  be  coated  with 
aluminum  and  the  result  is  a  material  with  significant 
electrical  conductivity.  An  individual  fiber  has  a  nom¬ 
inal  resistance  of  2  ohms/cm.  The  coated  fibers  and 
prepregs  made  from  the  fibers  are  available  commer¬ 
cially.  A  virtue  of  the  material  is  that  the  outer  ply 
of  a  structure  can  be  replaced  by  a  ply  made  from  the 
coated  fibers. 

Individual  fibers  can  carry  50  A  for  l^s,  5  A  for  1 
ms  and  0.3  amperes  continuously.  They  have  this  good 
capability  for  carrying  currents  of  duration  1  ^is  to  1 
ms  because  of  the  excellent  thermal  coupling  between 
the  aluminum  and  the  glass.  The  glass  provides  a  heat 
sink,  enabling  the  aluminum  coated  fiber  to  carry  twice 
the  current  that  could  be  carried  by  the  aluminum  by 
itself. 

At  the  point  of  lightning  strike  attachment,  some 
volume  of  the  aluminum  will  be  explosively  vaporized, 
the  area  affected  depending  on  the  magnitude  of  the 
strike  and  the  amount  of  aluminum  on  the  prepreg. 
If  the  coated  fiberglass  material  is  covered  by  fillers 
or  paints,  the  expanding  gasses  will  be  contained  and 
more  of  the  explosive  force  will  be  directed  into  the 
material  to  be  protected,  the  added  amount  of  damage 
being  related  to  the  mass  of  covering  material.  Materi¬ 
als  that  might  be  applied  over  coated  fiberglass  include 
fillers,  paints  and  other  layers  of  fiberglass.  Standard 
thicknesses  of  paint  and  primer,  5  to  7  mils,  are  usually 
not  sufficient  to  cause  any  significant  damage,  but  10 
mils  of  putty  or  a  ply  of  fiberglass  can  result  in  dam¬ 
age  to  several  layers  of  fiberglass  below  the  aluminum 
coated  fiberglass. 

Increased  damage  caused  by  confinement  of  arc 
products  is  not  a  problem  only  with  aluminized  fiber¬ 
glass;  it  occurs  with  any  protective  material.  Confine¬ 
ment  does,  however,  seem  to  promote  more  extensive 
damage  to  aluminized  fiberglass  than  to  either  woven 
wire  fabrics  or  expanded  metal  foils. 

Matal  loaded  paints:  Adding  metal  particles,  such  as 
copper  or  aluminum,  to  a  paint  results  in  a  surface  that 
has  a  certain  amount  of  conductivity  and  has  some 
ability  to  provide  lightning  protection,  though  the  pro¬ 
tection  is  marginal  since  the  metal  particles  make  only 
random  contact  with  each  other.  As  a  result  the  coat¬ 
ing  has  a  much  lower  conductivity  than  an  equivalent 
film  of  pure  metal. 
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No  practical  thickness  of  paint  is  sufficient  to  pro¬ 
vide  metallic  conduction  of  a  full  lightning  current.  In¬ 
stead,  the  paint  acts  mostly  to  guide  a  flashover  across 
the  coated  surface  and  the  lightning  current  is  then 
carried  mere  in  the  resulting  arc  than  in  the  coating 
of  conductive  paint. 

Conducting  paint  films  are  least  effective  if  there 
is  some  conducting  object  under  the  surface  of  the  in¬ 
sulating  surface  being  protected.  In  such  a  case,  the 
arc  voltage  might  be  high  enough  to  cause  a  puncture 
through  the  insulating  surface  to  that  object. 

Conducting  paint  does  have  the  virtue  that  it  can 
be  applied  to  an  existing  surface,  even  one  of  com¬ 
plex  shape.  Copper  paints  have  been  the  most  widely 
used.  One  of  the  most  successful  applications  of  copper 
loaded  paints  has  been  in  the  protection  of  helicopter 
rotor  blades  fabricated  of  non-conductive  composites. 
A  coating  of  conductive  paint  approximately  0.1  mm 
(0.003  -  0.005  in)  applied  under  the  finish  coat  of  paint 
has  been  shown  to  prevent  punctures  of  the  blade  skin. 
Paints  have  been  less  successful  on  blades  with  metal 
spars  or  embedded  heater  wires  because  sufficient  volt¬ 
age  builds  up  along  the  conducting  paint  to  puncture 
to  the  internal  conductors.  The  mechanism  is  sketched 
on  Fig.  6.37. 

Conductive  paints  are  the  least  desirable  of  light¬ 
ning  protection  methods,  partly  because  of  this  volt¬ 
age  buildup  problem  and  also  because  they  may  erode 
away  when  exposed  to  intense  rain  or  hail. 


Fig.  6.37  Voltages  developed  along  metal  loaded 
paint. 

6.4  Windshields,  Canopies  and  Windows 


Windshields,  canopies,  and  side  windows  are  of¬ 
ten  located  in  direct  and/or  swept  stroke  attachment 
regions,  Zones  J  A  or  2 A.  Lightning  damage  to  wind¬ 
shields  has  not  been  frequent,  but  at  least  one  accident 
in  the  1930s  has  been  attributed  to  such  damage  (6.20). 


There  are  several  aspects  of  windshield  and  canopy  de¬ 
signs  which  could  make  them  susceptible  to  damage 
and  designers  should  verify  that  these  conditions  do 
not  result  in  safety  of  flight  hazards. 

Windows  and  windshields  are  fabricated  from 
glasses,  acrylics,  and  polycarbonates,  or  some  combi¬ 
nation  of  these  materials.  These  materials  all  have 
higher  dielectric  strengths  than  the  non-conductive 
composites.  Generally,  conductive  objects  will  not  be 
positioned  close  to  the  inside  surface  and  thus  there 
will  be  little  tendency  for  a  lightning  flash  to  puncture 
the  windows. 

Lightning  punctures  can  occur  to  the  electrical 
heating  elements  embedded  in  windshield  laminates. 

Electrically  heated  windshields:  Electrical  heating 
elements  embedded  within  laminated  windshields  are 
used  to  clear  icing  and  fogging.  Typical  configurations 
are  shown  in  Fig.  6.38.  Heating  elements  are  either 
fine  metal  wires  or  metal  films,  powered  from  either  28 
volt  dc  or  115  volt  ac  systems. 

Since  the  wires  are  of  small  diameter  and  arranged 
in  zig-zag  patterns,  an  electric  field  directed  through 
the  glass  is  concentrated  at  those  wires  and  can  result 
in  puncture  of  the  glass  ply  and  conduction  of  light¬ 
ning  currents  directly  into  the  heating  elements  and 
the  power  circuits.  Electric  fields  can  be  produced  ei¬ 
ther  by  an  approaching  lightning  leader  or  by  electrical 
charge  that  collects  on  the  outside  of  the  window  as  the 
aircraft  flies  through  precipitation.  Puncture  should 
be  less  likely  with  metal  films  because  they  provide 
less  tendency  for  the  electric  field  to  concentrate  at 
points. 

Other  potential  hazards  that  could  result  from 
puncture  of  the  outer  ply  of  the  windshield  are  illus¬ 
trated  in  Fig.  6.39.  The  first  is  the  partially  contained 
shock  wave.  This  is  always  sufficient  to  shatter  the  ex¬ 
terior  ply  and  sometimes  sufficient  to  shatter  the  inner 
ply  as  well.  If  that  happens,  particles  may  be  blown 
directly  into  the  pilot’s  face. 

Another  potential  hazard  is  direct  conduction  of 
very  high  surge  currents  into  the  aircraft’s  electric 
power  distribution  system,  often  after  damaging  the 
electrical  loads  powered  from  the  same  source. 

P refaction  methods:  One  method  of  eliminating 
these  problems  is  to  de-ice  the  windshield  with  hot  air 
instead  of  electrical  heating  elements.  Removing  the 
heating  elements  eliminates  the  most  frequent  cause 
of  windshield  puncture  and  eliminates  the  conducted 
surge  problem. 

The  following  approaches  can  be  followed  to  re¬ 
duce  or  eliminate  the  hazards  if  electrical  heating  ele¬ 
ments  are  present. 


146 


1.  Utilize  a  tough  center  ply  of  acrylic  or  polycar-  electric  shocks.  These  films  have  not  promoted  punc- 

bonate  resin.  These  materials  are  usually  resiliant  ture  of  canopies  fabricated  of  polycarbonate  resins, 

and  tolerant  of  shock  wave  or  impact  damage. 


Some  specifications  require  that  windshield  struc¬ 
tures  be  able  to  survive  the  impact  of  a  2  kg  (4  lb) 
bird  at  200  knots.  Such  windshields  have  some¬ 
times  been  capable  of  tolerating  the  effects  of  Zone 
1A  punctures  through  the  outer  ply. 

Since  failure  can  result  from  tearing  at  the  inter¬ 
face  between  the  laminate  and  the  frame,  as  well 
as  by  puncture  of  the  laminate  itself,  this  part  of 
the  design  must  also  be  considered  from  a  light¬ 
ning  protection  standpoint.  Approaches  that  suc¬ 
cessfully  tolerate  reasonable  bird  strike  require¬ 
ments  are  also  likely  to  meet  lightning  require¬ 
ments. 

2.  Utilize  a  metal  film  heating  element  instead  of  fine 
embedded  wires.  The  films  are  less  conducive  to 
puncture  of  the  outer  ply. 


external  surface 
ZZZZZZZZZZZZ2  glass 

- -  fine  wires 

plastic 
glass 
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external  surface 
B  plastic 
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111  "  plastic 
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Fig.  6.38  Electrically  heated  windshields. 

(a)  Fine  wires  in  glass/acrylic  sandwich 

(b)  Metal  film  in  acrylic  or  polycarbonate 
sandwich 


3.  Employ  surge  suppression  devices  on  power  distri¬ 
bution  circuits  or  busses  feeding  electrical  wind¬ 
shield  de-ice  systems. 

Such  devices  should  be  rated  to  limit  surge  volt¬ 
ages  to  the  system  transient  control  level  (TCL), 
as  defined  in  Chapter  5,  while  safely  conduct¬ 
ing  substantial  currents  to  airframe  ground.  Fig. 
6.40  shows  where  surge  suppressors  should  be 
installed.  Information  on  surge  suppression  de¬ 
vices  is  given  in  Chapter  17.  Metal  oxide  varistor 
(MOV)  type  devices  have  proven  capable  of  con¬ 
ducting  50  000  amperes  and  should  be  used  for 
protection  of  windshield  heater  power  feed  and 
control  circuits. 

4.  Since  windshields,  canopies  and  other  windows 
an  usually  flight  critical  items,  candidate  designs 
should  be  tested.  This  is  especially  true  of  wind¬ 
shields  since  data  bases  relating  to  newer,  high 
strength,  light  weight  laminate  designs  do  not  ex¬ 
ist.  Appropriate  test  methods  are  described  in 
§6.8. 

The  foregoing  protection  methods  are  applicable 
to  bubble  type  canopies  and  side  windows,  ss  well  as 
to  frontal  windshields,  though  windshields  represent 
the  most  likely  lightning  related  problem. 

Canopies  rarely  employ  de-ice  elements  and  are 
fabricated  most  often  of  polycarbonate  resins  which 
have  very  high  dielectric  strengths.  This  is  also  true  of 
side  windows.  Sometimes  metal  films  are  deposited  on 
the  interior  of  bubble  type  canopies  to  shield  the  pilot 
from  strong  electric  fields  that  would  otherwise  cause 


Fig.  6.39  Lightning  damage  to  electrically  heated 
windshield. 

(a)  Shock  wave  damage  to  laminate 

(b)  Surge  current  into  power  system 


147 


Anti-static  coatings:  Electrical  charges  that  accu¬ 
mulate  on  frontal  windshields  and  canopies  can  be  bled 
away  by  electrically  conducting  surfaces.  To  remain 
optically  transparent,  these  films  must  be  very  thin 
and  their  conductivity  is  not  sufficient  to  conduct  light¬ 
ning  currents. 

The  most  common  coating  in  present  use  is  in¬ 
dium  tin  oxide  (ITO)  and  it  is  preferred  for  its  com¬ 
parative  durability  against  erosion. 

Flash  blindness:  If  a  lightning  strike  occurs  at  night  in 
front  of  a  windshield  the  bright  flash  might  temporar¬ 


ily  blind  the  pilot,  making  it  difficult  or  impossible 
to  read  instruments.  The  flash  blindness  may  last  for 
a  minute  or  two  and  several  accidents  have  resulted 
when  the  aircraft  was  on  final  approach  to  an  airport 
or  in  IFR  conditions. 

No  windshield  treatment  has  been  found  to  pre¬ 
vent  this  effect  without  impairing  normal  visibility. 
When  there  are  two  pilots,  one  of  them  should  focus 
on  the  instruments  and  avoid  looking  out  the  wind¬ 
shield  during  conditions  that  might  lead  to  a  lightning 
strike.  Cockpit  instrument  lights  and  display  intensi¬ 
ties  should  also  be  kept  at  maximum  brightness. 


Fig.  C.40  Surge  protection  of  windshield  heater  circuits. 

(a)  Diverter  at  windshield  -  Best 

(b)  Diverter  in  heat  control  unit  -  Intermediate 

(c)  Diverters  on  power  supply  bus  -  Least  desirable 
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6.5  Electrically  Conducting  Composites 

Electrically  conductive  composites  include  resins 
reinforced  with  various  arrangements  of  carbon  fibers 
or  yams,  and  other  other  resins  reinforced  with  boron 
filaments.  Carbon  fiber  composites  (CFC),  also  known 
as  graphite-epoxy  composites,  are  by  far  the  most 
common.  Some  boron  composites  are  in  use,  but  all 
of  these  were  designed  prior  to  1980  because  economic 
and  structural  advantages  of  CFC  have  precluded  the 
use  of  boron  in  modem  design.  The  protection  designs 
described  in  this  section  will  therefore  deal  with  CFC, 
though  a  brief  discussion  of  lightning  effects  on  boron 
composites  is  included  at  the  end  of  this  section. 

6.5.1  Protection  of  CFC  Skins 

As  described  in  Chapter  4  and  [6.21],  lightning 
strikes  may  cause  damage  to  CFC  skins,  including  py¬ 
rolysis  of  resin  and  fracture  of  laminates  due  to  shock 
wave  effects.  These  effects  occur  at  or  near  points  of 
lightning  attachment  and  are  due  primarily  to  stroke 
currents.  Thus,  they  may  occur  in  all  zones,  with  the 
exception  of  Zone  3.  The  extent  of  this  damage  de¬ 
pends  on  the  type  and  thickness  of  the  CFC  skins,  the 
thickness  of  finishes  and  paints,  and  the  intensity  of 
the  lightning  strike.  Experience  has  shown  that  sur¬ 
face  damage  is  most  closely  related  to  action  integral. 
Fig.  6.41  shows  typical  physical  damage  that  may  oc¬ 
cur  to  an  unprotected  CFC  skin  in  Zone  1A. 


Design  objectives:  Most  solid  CFC  laminates  em¬ 
ployed  as  aircraft  skins  have  thicknesses  ranging  from  2 
plies  (0.5  mm,  0.02  in)  to  20  plies  (5  mm,  0.20  in).  The 
thinner  skins  are  used  in  sandwich  constructions,  and 
thicker  laminates  are  employed  as  solid  skins.  Skins  of 
any  of  these  thicknesses  can  safely  conduct  lightning 
currents  away  from  strike  points;  thus  the  protection 
design  objectives  are  as  follows: 

1.  Prevent  hazardous  damage  (i.e.  puncture,  crack¬ 
ing)  at  strike  attachment  points  in  Zones  1A,  2A, 
IB  and  2B. 

2.  Provide  adequate  lightning  current  paths  among 
parts,  so  as  to  prevent  damage  at  joints.  In  CFC 
fuel  tanks,  this  objective  must  be  accomplished 
without  arcing  or  sparking  which  could  ignite  fuel 
vapors.  Design  methods  for  arc  and  spark  sup¬ 
pression  are  discussed  in  Chapter  7. 

3.  Lightning  direct  effects  protection  designs  for 
CFC  must  be  coordinated  with  other  electrical 
requirements,  such  as  EMI  control,  power  system 
grounding,  and  lightning  indirect  effects  protec¬ 
tion  design. 

Whether  protection  is  required  or  not  depends  on 
the  structural  purpose  of  the  CFC  skin  and  the  conse¬ 
quences  of  damage.  If  this  damage  represents  a  flight 
safety  hazard,  as  may  occur  if  a  pressure  hull  is  punc¬ 
tured  or  a  control  surface  is  delaminated,  protection 


Fig.  6.41  Extent  of  damage  to  a  CFC  skin, 
(i)  Front  side  (b)  Back  side 
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must  be  applied  to  comply  with  the  FARs.  On  the 
other  hand,  damage  to  some  structures  will  not  com¬ 
promise  safety  and  a  decision  is  made  not  to  protect. 

Examples  of  CFC  skins  that  usually  do  and  do 
not  require  protection  are  as  follows: 

CFC  skins  that  may  need  protection. 

o  Fuselage  pressure  hulls, 
o  Engine  nacelles  and  pylons, 
o  Flight  control  surfaces, 
o  Leading  edge  devices, 
o  Avionics  bays. 

o  Wing  and  empennage  tips  and  activator  housings, 
o  Fuel  tank  skins. 

CFC  skint  that  may  not  need  protection. 

o  Thil  cones. 

o  Non-pressurized  fuselage  skins, 
o  Wing-body  fairings, 
o  Ventral  and  dorsal  fins, 
o  Landing  gear  doors. 

The  nuisance  factor  associated  with  some  of  the 
non-protected  items  listed  above  may  warrant  protec¬ 
tion,  and  as  will  be  shown,  effective  protection  can  be 
provided  with  very  little  impact  on  cost  and  weight. 
Methods  for  protection  of  CFC  skins  and  application 
considerations  are  discussed  in  the  following  sections. 

The  basic  protection  benefits  provided,  in  varying 
degrees,  by  each  of  the  following  methods  include:  (1.) 
improved  electrical  conductivity,  so  that  a  portion  of 
the  lightning  current  flows  in  the  protective  layer  and 
not  in  the  CFC  and  (2.)  arc  root  dispersion,  so  that 
lightning  currents  are  caused  to  enter  skins  at  a  mul¬ 
tiplicity  of  points  over  a  wider  area,  as  compared  with 
a  single  point. 

Woven  wire  fabrics:  These  are  fabrics  woven  of  fine 
metal  wires,  typically  0.05  -  0.1  mm  (0.002  -  0.004  in) 
in  diameter.  Aluminum  is  the  preferred  metal,  since  it 
is  light  in  weight  and  has  low  resistivity  as  compared 
with  other  metals.  Plain  and  satin  weave  patterns  with 
40  to  80  wires  per  cm  (100  -  200  wires  per  inch)  are 
typical.  One  layer  of  this  fabric  is  resin  bonded  to  the 
exterior  of  the  CFC  laminate  during  the  original  cure 
process,  so  that  the  metal  fabric  is  in  direct  contact 
with  carbon  fibers. 

Some  designers  express  concern  regarding  corro¬ 
sion,  and  incorporate  a  thin  barrier  of  fiberglass  cloth 
between  the  metal  fabric  and  the  CFC.  Accelerated 
salt-spray  tests  have  shown  that  aluminum  fabrics 
cured  and  encapsulated  with  resins  and  coated  with 


paint  do  not  corrode,  though  long  term  service  ex¬ 
perience  is  not  yet  available  to  confirm  this.  Other 
metals,  such  as  tin  and  stainless  steel,  are  more  com¬ 
patible  with  CFC  and  are  sometimes  preferred  from 
a  corrosion  standpoint,  but  their  lightning  protection 
effectiveness  is  less  than  that  of  aluminum  fabrics. 

The  woven  metal  fabrics  provide  both  improved 
conductivity  and  arc  root  dispersion,  and  protective  ef¬ 
fectiveness  is  very  good,  even  on  thin  (2  -  4  ply)  CFC 
skins.  The  latter  effect  is  due  to  the  roughness  of  the 
woven  surface,  which  encourages  stress  concentration 
and  puncture  at  many  points  during  the  strike  attach¬ 
ment  process.  Physical  damage  is  normally  limited  to 
erosion  of  a  small  area  of  the  mesh. 

The  weight  penalty  of  woven  wire  fabrics  is  about 
0.5  lb  per  m2  (0.05  lb  per  ft2).  This  protection  of 
large  surface  areas  implies  a  significant  weight  penalty. 
These  fabrics  should  be  laid  up  in  the  skin  mold,  to¬ 
gether  with  any  barrier  ply  and  the  CFC.  The  wire 
mesh  must  be  the  outermost  ply  of  the  laminate. 

Expanded  metal  foils:  These  are  fabricated  of  sin¬ 
gle  sheets  of  foil,  perforated  and  stretched  to  provide 
openings  and  an  appearance  similar  to  woven  meshes. 
The  expanded  foils  are  typically  0.05  -  0.1  mm  (0.002  - 
0.004  in)  thick,  and  have  current  conduction  and  pro¬ 
tection  effectiveness  characteristics  similar  to  those  of 
woven  wire  meshes.  They  should  be  co-cured  with 
the  CFC  laminate,  using  resin  pre-impregnated  CFC 
fabiic  to  bond  and  encapsulate  them. 

Aluminum  and  copper  foils  provide  the  most  ef¬ 
fective  lightning  protection,  and  are  typically  used  be¬ 
cause  they  offer  some  electromagnetic  shielding. 

The  weight  penalty  of  expanded  foils  is  somewhat 
greater  (depending  on  specific  thicknesses)  than  that 
of  the  wire  meshes,  but  the  foils  provide  somewhat  bet¬ 
ter  electromagnetic  shielding  than  do  the  meshes,  due 
to  the  better  contact  afforded  with  mechanical  fasten¬ 
ers  and  hard  metal  surfaces.  For  this  reason  expanded 
foils  are  sometimes  employed  when  protection  against 
both  direct  and  indirect  effects  is  desired. 

Metal  coated  CFC:  CFC  yarns  and  cloths  are  avail¬ 
able  with  nickel  electroplated  or  electrodeposited  on 
them  to  increase  conductivity  of  skins.  The  metal  is 
typically  several  microns  thick,  but  usually  all  fibers 
in  a  yarn  or  ply  of  cloth  are  coated  and  so  a  signifi¬ 
cant  reduction  in  resistance  is  achieved,  resulting  in  a 
coated  CFC  ply  with  one  tenth  the  volume  resistivity 
of  an  uncoated  ply. 

Coated  CFC  suffers  some  mechanical  strength 
degradation  as  compared  with  uncoated  material,  so 
the  coated  ply  can  not  always  be  counted  as  a  struc¬ 
tural  ply  and  one  additional  layer  of  structural  CFC 
may  have  to  be  furnished,  thereby  increasing  weight. 
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As  with  the  metal  fabrics  and  foils,  only  one  ply  of 
coated  material  should  be  used,  and  it  must  be  the 
outermost  ply. 

The  lightning  protection  effectiveness  of  metal 
coated  CFC  is  not  as  good  as  that  of  woven  wire 
meshes  and  expanded  foils,  allowing  some  damage  to 
the  coated  ply  and  one  or  two  underlying  plies. 

Metal  coated  CFC  is  most  often  employed  when 
the  possibility  of  corrosion  is  of  special  concern,  be¬ 
cause  the  metal  used  (nickel)  is  compatible  with  CFC. 

Interwoven  wires:  CFC  fabric  is  available  with  small 
diameter  metal  wires  woven  along  with  the  carbon 
yams  in  each  direction  [6.22,  6.23].  Typical  arrange¬ 
ments  have  from  3  to  9  wires  per  cm  (8  to  24  wires  per 
inch)  of  cloth,  and  the  wires  have  diameters  of  0.08 
and  0.12  mm  (0.003  to  0.005  in.).  The  periodic  ap¬ 
pearance  of  the  wires  at  the  fabric  surface  intensifies 
the  electric  field  at  a  multiplicity  of  locations,  sufficient 
to  cause  multiple  punctures  of  paint  layers  and  allow 
lightning  currents  to  enter  the  CFC  surface  at  many 
points,  rather  than  at  a  single  spot,  thus  achieving  arc 
root  dispersion. 

A  typical  CFC  laminate  containing  a  ply  with  in¬ 
terwoven  wires  is  illustrated  in  Fig.  6.42.  This  figure 
shows,  in  exaggerated  form,  the  yarns  in  the  top  ply, 
which  is  to  be  the  exterior  ply  and  exposed  to  lightning 
strikes.  The  electric  field  intensifies  where  the  wires 
appear  at  the  surface,  causing  the  multiple  lightning 
attachment  points. 

Fig.  6.43  is  a  photograph  of  a  typical  unpainted 
CFC  laminate,  showing  the  interwoven  wires. 

Fig.  6.44  shows  the  behavior  of  a  simulated  light¬ 
ning  leader  attaching  to  a  painted  CFC  laminate  with 
interwoven  wires.  Each  of  the  current  filaments  at¬ 
taches  to  a  wire  at  the  laminate  surface,  puncturing 
the  paint.  An  individual  attachment  point  on  a  wire 
is  pictured  in  Fig.  6.45.  The  resin  shown  in  this  pho¬ 
tograph  has  been  punctured,  exposing  the  wire,  but 
the  wire  was  not  damaged  because  the  test  current, 
representative  of  a  lightning  leader,  was  small. 

Full  threat,  return  stroke  currents  enter  a  wider 
area  of  surface,  as  illustrated  in  Fig.  6.46,  and  usually 
vaporize  the  exposed  portions  of  the  wires,  typically 
over  a  surface  area  10  -  20  cm  (4  -  8  in)  in  diameter. 
In  most  cases,  this  damage  is  limited  to  the  outermost 
ply,  which  contains  the  wires.  The  exposed  portions  of 
the  wires  are  vaporized,  giving  the  surface  a  speckled 
appearance  and  often  delaminating  this  ply  from  the 
other  plies  over  a  similar  area.  A  four  ply  CFC  skin 
panel  1.3  mm  (0.051  in.)  thick  following  a  Zone  1A 
lightning  test  is  shown  in  Fig.  6.47.  The  damage  is 
limited  to  the  outermost  CFC  ply. 

The  weight  penalty  of  the  interwoven  wires  is  very 
small,  being  only  5%  (or  so)  of  the  penalty  associated 


with  the  woven  wire  fabrics  or  expanded  metal  foils 
described  earlier.  Also,  the  wires  do  not  affect  CFC 
strength  and  the  interwoven  wire  ply  is  also  a  struc- 


Fig.  6.42  CFC  laminate  with  interwoven  wires. 


/ 

/ 

/  .  . 


Fig.  6.43  Unpainted  CFC  laminate  with 
interwoven  wires. 
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6.5.2  Protection  of  CFC  Joints  and  Splices 

In  addition  to  damage  at  attachment  points,  light¬ 
ning  currents  can  also  cause  damage  at  the  places 
where  they  flow  from  one  piece  of  CFC  to  another,  as 
at  interfaces  with  adjoining  skin  panels  or  with  sub¬ 
structure  such  as  ribs  and  spars.  Two  basic  methods 
of  joining  composites  are  in  use: 

Adhesive  bonding:  Adhesives  are  frequently  used  at 
structural  joints  and  seams,  either  alone  or  in  com¬ 
bination  with  mechanical  fasteners.  Since  nearly  all 
adhesives  are  electrical  non-conductors,  they  present 
a  barrier  to  current  flow  and  force  lightning  currents  to 
flow  in  fasteners  and  other  places  where  CFC  or  other 
conductive  parts  of  the  structure  come  in  contact.  If 
no  such  paths  exist,  the  adhesive  must  be  made  suffi¬ 
ciently  conductive  to  permit  current  transfer. 

Specific  ways  to  provide  electrical  conductivity 
across  adhesive  joints  are: 

1.  Doping  of  adhesive  with  electrically  conductive 

particles. 

2.  Insertion  of  a  conductive  scrim  into  the  bond. 

Doped  adhesives:  Adhesives  doped  with  some  electri¬ 
cally  conductive  particles  are  commercially  available, 
but  the  conductive  particles  are  usually  aluminum  and 
their  main  purpose  is  thermal,  rathe,  then  electrical 
conduction.  Tests  [6.24]  have  shown  such  adhesives  to 
be  capable  of  conducting  up  to  about  100  A  per  cm2 
(645  A  per  in2)  of  lightning  stroke  current  without 
loss  of  mechanical  strength.  However,  these  adhesives 
are  not  as  strong  as  non- -conductive  adhesives  and  so 
are  not  often  found  in  primary  structural  applications. 
The  use  of  aluminum  particles  in  a  CFC  structure  also 
raises  concerns  regarding  possible  corrosion. 

Conductive  scrim:  Improvement  of  conductivity  by 
insertion  of  a  conductive  scrim  into  the  bond  has 
proved  successful  in  some  applications.  The  scrim 
makes  contact  with  each  side  of  the  joint,  while  al¬ 
lowing  the  adhesive  to  flow  between  yarns.  Typical 
configurations  are  shown  in  Fig.  6.48.  The  most  com¬ 
mon  scrim  is  a  single  loosely  woven  layer  of  carbon 
fiber  cloth. 

Galvanically  compatible  metal  fabrics  have  also 
been  used.  In  either  case  anticipated  current  densities 
must  be  kept  low  enough  to  preclude  arcing  at  points 
of  contact  between  the  scrim  and  CFC  parts  within 
the  bond.  Such  arcing  would  cause  pressure  buildup 
within  the  bond  and  possible  disbonding. 

Bolted  and  riveted  joints:  The  other  method  of  join¬ 
ing  composite  materials  is  with  bolted  joints,  in  which 
bolts,  rivets,  or  other  mechanical  fasteners  are  em¬ 


ployed  to  hold  two  members  together.  Metal  fasteners 
are  used  since  no  other  materials  have  been  developed 
with  sufficient  strength. 

Bolted  or  fastened  joints  offer  electrically  conduc¬ 
tive  paths,  but  the  contact  area  between  the  fastener 
and  the  composite  is  usually  limited  to  the  surface 
under  the  fastener  head  and/or  nut.  There  may  be 
contact  in  the  hole  to  the  shank  of  the  fastener,  but 
it  will  be  a  loose  contact  at  best  and  may  not  occur 
in  all  instances.  This  results  in  a  relatively  high  cur¬ 
rent  density  at  the  fastener  heads  and  nuts  or  collars, 
sometimes  exceeding  the  level  at  which  the  composite 
will  carry  without  damage. 

To  obtain  better  contact  between  the  fasteners 
and  the  CFC,  countersunk  holes  and  beveled  washers 
and  fastener  heads  are  used.  Even  so,  tests  have  shown 
that  significant  arcing  can  take  place  around  the  fas¬ 
tener,  especially  when  the  lightning  attachment  point 
is  near  or  at  the  fastener  and  fastener  current  densi¬ 
ties  are  high.  As  discussed  in  Chapter  7,  arcing  at  a 
fastener  can  be  a  concern  when  the  fastener  protrudes 
into  a  fuel  tank. 

Methods  of  eliminating  this  arcing  or  separating  it 
from  fuel  vapors  are  described  in  Chapter  7.  The  loss 
of  mechanical  strength  due  to  arcing  at  fasteners  has 
not  been  of  as  great  concern  because  a  small  amount 
of  arcing  will  not  significantly  damage  the  CFC  nor 
weaken  the  fasteners.  The  number  of  fasteners  or  riv¬ 
ets  employed  in  most  designs  is  usually  sufficient  to 
conduct  most  Zone  3  lightning  currents. 


Fig.  6.48  Adhesive  joint  with  conductive  skrim. 

(a)  Basic  concept 

(b)  Examples 


Lou  of  strength  at  joints:  Work  has  been  done  to 
evaluate  the  degree  of  strength  loss  caused  by  light¬ 
ning  currents  in  composite  joints.  Schneider,  Hen¬ 
dricks,  and  Takashima  [6.25]  have  studied  the  effects 
of  lightning  currents  on  typical  bonded  and  bolted 
joints  of  graphite  composites,  and  their  preliminary 
findings  show  that  bonded  joints  suffer  more  damage 
from  lightning  currents  than  do  bolted  joints.  Other 
tests  [6.26]  have  also  been  made  on  various  joints,  with 
similar  results.  The  reader  is  referred  to  these  sources 
for  further  information  on  the  specific  joints  that  re¬ 
searchers  have  evaluated  and  the  results  that  they  have 
obtained. 

Candidate  bond  and  joint  designs  should  be  tested 
with  anticipated  current  densities  to  verify  that  these 
joints  can  tolerate  the  design  level  currents  without 
loss  of  mechanical  strength. 

6.5.3  Application  Considerations 

Other  aspects  of  lightning  protection  design  for 
CFC  skins  include  cloth  or  tape  layup  patterns,  ar¬ 
rangement  of  ply  seams,  electrical  bonding  to  fasten¬ 
ers  and  repair  techniques.  Brief  discussions  of  each  of 
these  topics  follow. 

Layup  patterns:  Experience  has  shown  that  woven 
cloth  fabrics  are  more  tolerant  of  lightning  strike  ef¬ 
fects  than  are  laminates  made  of  unidirectional  tapes. 
The  interweaving  of  carbon  yarns  in  the  woven  cloth 
restricts  damage  propagation  due  to  blast  of  shock 
wave  effects,  and  the  cloth  plies  also  have  more  uni¬ 
form  electrical  conductivity. 

Unidirectional  tapes,  on  the  other  hand,  tend  to 
unwind  along  the  tape,  causing  damage  for  greater  dis¬ 
tances  from  the  strike  point  than  is  the  case  for  wo¬ 
ven  cloths.  Also,  electrical  conductivity  tends  to  be 
somewhat  better  in  the  direction  of  the  tapes  and  less 
in  perpendicular  directions.  This  causes  lightning  cur¬ 
rents,  and  damage,  to  penetrate  deeper  into  a  laminate 
to  final  conductive  paths  in  all  directions. 

Tape  laminates  are  also  less  capable  of  being  pro¬ 
tected  with  interwoven  wires  or  metallized  yarns,  as 
the  improved  conductivity  afforded  by  these  methods 
is  often  achieved  only  in  the  direction  of  the  conductive 
fibers. 

If  tapes  must  be  utilized  for  strength  purposes, 
it  is  sometimes  possible  to  include  cloth  plies  on  the 
inner  and  outer  surfaces  of  a  laminate.  This  affords 
the  opportunity  to  utilize  cloth  with  interwoven  wires, 
or  metallized  cloth  for  lightning  protection  purposes. 

Ply  reams:  Seams  are  necessary  in  CFC  cloth  layups 
where  the  edges  of  pieces  of  cloth  meet.  As  long  as  the 
seams  of  adjacent  plies  do  not  coincide,  there  will  be 
adequate  electrical  conductivity  throughout  the  lam¬ 


inate.  Ply  seams  are  usually  simple  butt  joints,  and 
electric  currents  flow  through  adjacent  plies  at  such 
seams. 

Seams  in  some  lightning,  protective  layers  may 
need  to  be  applied  or  bridged  in  some  manner  to  al¬ 
low  current  transfer  and  minimize  arcing.  Protective 
layers  requiring  splicing  include  wire  meshes  and  ex¬ 
panded  foils.  Splices  can  be  separate  pieces  of  the 
mesh  or  foil,  or  overlaps.  Two  common  designs  are 
illustrated  in  Fig.  6.49.  In  either  ease,  the  amount  of 
overlap  necessary  to  transfer  currents  depends  on  the 
current  density.  Overlaps  of  1  cm  (0.5  in)  have  been 
found  capable  of  transferring  currents  of  2.5  k A  per  cm 
(1  kA/in)  across  overlaps  or  splices  without  debond¬ 
ing  or  excessive  arcing,  when  the  adjoining  pieces  are 
co-  cured  along  with  the  underlying  laminate  and  in 
good  contact  with  each  other.  Larger  overlaps,  of  up 
to  about  5  cm  (2  in.)  are  usually  necessary  at  joints 
exposed  to  higher  current  densities,  as  would  exist  at 
wing  or  empennage  tips,  or  other  structures  in  which 
lightning  currents  are  high. 

Splices  and  overlaps  which  are  secondarily  bonded 
with  a  layer  of  adhesive  are  not  nearly  as  conductive  as 
cocured  splices  because  the  adhesive  separates  conduc¬ 
tive  layers  and  promotes  arcing.  If  secondary  bonds 
must  be  used,  adhesives  should  be  non-supported  and 
of  minimum  thickness.  Vacuum  bagging  and  curing 
should  be  conducted  so  as  to  encourage  maximum 
metal-to-metal  contact  in  the  overlap  or  splice. 
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Fig.  6.49  Typical  configurations  of  splices 
in  protective  plies. 

(a)  Concept 

(b)  Splice 

(c)  Overlap 
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Splices  at  manufacturing  joints:  Splices  in  protection 
layers  that  extend  across  manufacturing  joints  in  large 
structures  may  need  to  have  larger  overlaps  if  they  are 
to  be  the  only  means  of  transfering  current  across  such 
a  joint.  Several  joint  designs  are  shown  in  Fig.  6.50. 
Most  candidate  joint  designs  should  be  tested  to  ver¬ 
ify  that  current  transfer  occurs  in  the  designated  splice 
plies  or  plates  and  not  in  an  alternate  manner  which 
would  involve  arcing  and  debonding  which  would  de¬ 
grade  mechanical  strength. 


It  is  rarely  possible  to  extend  protection  plies  or 
layers  into  countersunk  fastener  holes,  as  the  protec¬ 
tion  ply  is  (and  should  be)  co-cured  with  the  laminate 
and  holes  must  be  drilled  afterwords.  Good  conduc¬ 
tivity  can  be  achieved  if  the  fastener  is  drawn  tightly 
into  the  countersunk  hole  and  sealant  barriers  are  min¬ 
imized,  so  that  the  fastener  head  can  be  drawn  tightly 
against  the  cross  section  of  CFC  in  the  hole,  as  shown 
in  Fig.  6.51(a). 


protection  ply 


Fig.  6.50  Splices  across  manufacturing  joint. 

(a)  Splice  ply 

(b)  Splice  plate 

(c)  Splice  plate  with  overlapping  washers 

Seams  in  interwoven  wire  and  metalized  fabrics: 

Splices  are  not  usually  required  in  laminates  protected 
with  interwoven  wires  or  metalized  fabrics,  because 
these  methods  depend  on  the  bulk  CFC  laminate  for 
conduction  purposes,  and  serve  mostly  to  minimize 
damage  at  lightning  attachment  spots.  Protection  ply 
overlaps  and  splices  across  seams  are,  therefore,  not 
required.  The  edges  of  protection  plies  may  be  butted 
together  and  cocured  with  the  rest  of  the  laminate. 

Elactrical  bonding  to  fasteners:  It  is  frequently  nec¬ 
essary  to  make  contact  between  protection  layers  and 
metal  fasteners,  for  transfer  of  current  to  adjoining 
parts  or  substructures.  This  can  be  done  either  by 
direct  conduction  between  CFC  laminate  and  the  fas¬ 
tener  in  the  hole,  or  by  installing  the  fasteners  in  over¬ 
lapping  washers  (sometimes  called  dimpled  washers) 
or  metal  doubler  plates.  These  concepts  are  shown  in 
Fig.  6.51. 


Fig.  6.51  Bonding  to  fasteners. 

(a)  Bonding  in  countersink 

(b)  Bonding  with  overlapping  washer 

(c)  Bonding  with  protection  ply  and  hole 
(allows  arcing) 

(d)  Bonding  with  metal  doubler 

If  a  protection  ply  is  shown,  it  can  be  electrically 
bonded  to  the  fastener  via  overlapping  washers  or  a 
metal  doubler  plate,  as  shown  in  Fig.  6.51(b)  and 
6.51(d).  These  methods  afford  the  best  bond  between 


155 


4. 


protection  layers  and  fasteners,  which  is  necessary  if 
the  protection  layer  is  also  intended  to  afford  electro¬ 
magnetic  shielding  of  on-board  systems.  A  typical  ap¬ 
plication  is  the  avionics  bay  access  door  illustrated  in 
Fig.  6.52.  Good  shielding  requires  that  the  protection 
ply  be  bonded  to  surrounding  structure  on  all  edges, 
as  shown.  This  is  accomplished  by  the  removable  fas¬ 
teners  on  the  edges  by  the  piano-type  hinge  on  the 
fourth  edge. 

6.6  Boron  Structures 

Boron  materials  were  at  one  time  under  consider¬ 
ation  for  composite  structures.  Interest  in  them  has 
waned  and  they  are  not  likely  to  be  considered  in  the 
future,  but,  for  completeness,  the  research  on  such  ma¬ 
terials  will  be  briefly  reviewed  here. 

6.6.1  Lightning  Effects  on  Boron  Composites 

Fassell,  Penton,  and  Plumer  [6.27]  began  the 
study  of  lightning  effects  on  boron  composites  with 
a  study  of  the  degradation  process  in  a  single  boron 
filament.  These  filaments  are  formed  by  deposition 
of  boron  on  a  0.13  mm  (0.0005  in)  diameter  tung¬ 
sten  filament  called  the  substrate.  The  boron  sheath, 


Mechanism  of  damage:  The  tungsten  substrate  is 
a  resistive  conductor,  but  the  resistance  of  the  boron 
is  much  greater  by  several  orders  of  magnitude.  Thus, 
electric  currents  entering  a  boron  composite  will  tend 
to  flow  in  the  tungsten  substrates  instead  of  in  the 
boron. 

Tungsten  has  a  positive  temperature  coefficient 
of  resistivity,  which  means  that,  as  its  temperature 
rises,  its  resistivity  increases  as  well,  and  it  becomes 
even  hotter  as  current  flows.  When  temperature  rise 
is  calculated  as  a  function  of  current  action  integral 
by  Eq.  6.5,  the  temperature  rise  curve  of  Fig.  6.53 
results.  The  quantity  /  T2  dt  is,  of  course,  equal  to  the 
unit  energy  dissipation  in  the  substrate  (per  ohm  of 
resistance)  and  is  dependent  solely  upon  the  electric 
current  amplitude  and  pulse  waveform. 

Fig.  6.53  shows  that  very  little  temperature 
rise  occurs  as  J  I^dt  is  increased  to  20  x  10-6  A2-s. 
However,  increases  beyond  this  value  cause  moderate 
temperature  increases,  and  increases  beyond  100  x 
10~6  A2-s  result  in  extreme  temperature  rise.  Fas- 
sell,  Penton,  and  Plumer  [6.27]  injected  currents  be¬ 
yond  100  x  10-8  A2  s  into  single  filaments  and  found 


which  provides  the  filament’s  strength,  is  about  1.3 
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them  to  be  severely  cracked  and  to  lose  all  mechan¬ 
ical  strength.  Correspondingly,  filaments  exposed  to 
pulses  with  /  I2dt  values  of  100  x  10-6  A2  s  or  less 
exhibited  little  or  no  evidence  of  degradation. 

The  mechanism  of  filament  failure  was  found  to 
be  transverse  and  radial  cracking  of  the  boron  sheath, 
presumably  caused  by  excessive  thermal  expansion  of 
the  tungsten  substrate.  Examples  of  cracked  filaments 
are  shown  in  Fig.  6.54.  Thus,  the  calculated  temper¬ 
ature  rise  is  a  significant  indication  of  filament  failure 
onset.  In  comparison  to  natural  lightning  currents,  it 
is  noted  that  when  distributed  over  several  thousand 
filaments,  a  lightning  stroke  current  of  several  thou¬ 
sand  amperes  may  provide  only  1  A  of  current  per 
filament.  If  this  current  exists  for  100  (i s,  it  will  in¬ 
deed  provide  an  /  I2dt  of  100  x  10-6  A2-s  in  a  single 
filament.  If  this  current  exists  for  20  (is,  it  will  provide 
an  f  I2 dtof  20  x  10-6  A2-s  in  a  single  filament,  etc. 

While  the  previous  example  illustrates  the  man¬ 
ner  in  which  lightning  currents  may  cause  mechanical 
property  degradation  of  boron  composite  materials,  it 
also  illustrates  the  relatively  fiat  region  in  which  in¬ 
creasing  values  of  J  Pdt  do  not  result  in  correspond¬ 
ing  increases  in  temperature  rise.  For  protection  de¬ 
sign,  this  fact  emphasizes  the  desirability  of  distribut¬ 
ing  lightning  currents  throughout  as  many  filaments 
as  possible. 

To  explain  the  process  of  current  flow  into  the 
many  boron  filaments  in  a  composite,  Penton,  Perry, 
and  Lloyd  [6.28]  formulated  an  electrical  model  of  two 
boron  filaments  in  a  resin  matrix,  as  shown  in  Fig. 


6.55.  Each  filament  is  made  up  of  incremental  por¬ 
tions  of  the  tungsten  substrate  resistance.  These  re¬ 
searchers  found  that  the  filament-to-filament  break¬ 
down  voltage  is  about  300  V  and  that  the  insulation 
breakdown  at  this  level  is  represented  by  the  back-to- 
back  Zener  diodes,  which  have  a  reverse  conduction 
(Zener)  voltage  of  300V. 

They  found  that  a  lightning  current  flowing  in  the 
outer  filament  would  remain  in  this  filament  until  the 
resistive  voltage  rise  along  it  exceeds  the  boron  and 
resin  breakdown  voltage,  this  being  represented  by  the 
Zener  diodes,  at  which  point  current  enters  the  neigh¬ 
boring  filament.  In  most  cases  this  would  be  a  filament 
in  the  next  ply  of  the  laminate.  While  some  mate¬ 
rial  strength  degradation  undoubtedly  occurs  from  the 
breakdown  of  the  resin  and  boron  sheaths,  the  major 
loss  of  strength  was  found  to  be  a  result  of  temper¬ 
ature  rise  in  the  filaments  and  cracking  of  the  boron 
sheaths  along  the  entire  length  of  the  current  flow. 

When  the  filaments  in  an  outer  layer  fail  by  trans¬ 
verse,  or  axial,  cracking,  the  resistances  of  their  tung¬ 
sten  substrates  also  increase  (by  cracking)  and  so  does 
the  voltage  rise  along  this  layer,  until  the  breakdown 
level  of  the  boron  sheaths  and  resin  between  it  and 
the  next  layer  of  filaments  is  reached.  When  this  hap¬ 
pens,  the  current  enters  this  next  layer  of  filaments, 
and  the  process  continues.  The  depth  of  penetration, 
of  course,  depends  on  both  the  amplitude  and  duration 
of  the  lightning  current  and  the  number  of  filaments 
into  which  this  current  can  distribute. 
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Fig.  6.53  Temperature  rise  of  tungsten 
substrate  of  a  boron  filament. 


Fig.  6.54  Cracking  of  boron  filaments  due 
to  excessive  current. 
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Fig.  6.55  Zener  diode  model  of  boron  filaments 
within  a  laminate. 

In  addition  to  the  current  conduction  effects  just 
described,  the  high  temperature  and  blast  forces  from 
the  arc  have  been  found  to  cause  substantial  damage  to 
a  boron  composite  at  the  point  of  attachment,  just  as 
with  CFC  structures.  Holes  blown  in  a  boron  compos¬ 
ite  material  tend  to  be  somewhat  greater  than  would 
be  expected  in  a  CFC  panel  of  similar  thickness.  De¬ 
tails  of  test  results  will  not  be  reviewed  further  since 
boron  materials  are  now  seldom  used. 

6.6.2  Protection  of  Boron  Composites 

Boron  composites  can  be  protected  by  several 
of  the  same  techniques  previously  described  for  non- 
conductive  composites.  The  electrical  behavior  of 
boron  is  more  like  the  non-conductive  composites  re¬ 
inforced  with  axamid  fiber  and  glass  than  CFC,  so  the 
woven  wire  mesh,  expanded  aluminum  foil  and  arc  or 
flame-sprayed  metals  are  most  appropriate.  Interwo¬ 
ven  wires  and  metal-coated  boron  filaments  have  not 
been  evaluated  for  protection  of  boron  composites  and 
these  methods  are  not  as  likely  to  be  as  successful  as 
they  are  for  protection  of  CFC. 

If  composites  reinforced  with  boron  or  other  less 
familiar  materials  are  to  be  employed  in  the  future, 
extensive  testing  will  be  necessary  to  define  and  quan¬ 
tify  lightning  effects  and  develop  satisfactory  protec¬ 
tion  methods. 

6.7  Direct  Effects  on  Propulsion  Systems 

Lightning  attachment  to  an  engine  pod  or  na¬ 


celle  can  result  in  damage  to  the  structure.  Struc¬ 
tural  effects  of  this  type  are  identical  to  those  dis¬ 
cussed  previously  for  other  exposed  structure.  The 
aircraft  propulsion  system  does  contain  some  unique 
functions  which  can  be  damaged  by  lightning  direct 
effects.  The  new  high  efficiency  engines  contain  nu¬ 
merous  electronic  monitors  and  controls  which  may  be 
vulnerable  to  the  indirect  effects  of  lightning.  Those 
effects  are  covered  in  Chapters  8  -  18.  The  effects  dis¬ 
cussed  here  are  those  related  to  propellers  and  rotors, 
gear  boxes,  and  stalls  of  turbofan  engines. 

6.7.1  Propellers 

Aircraft  propellers  are  frequent  targets  for  light¬ 
ning  strikes.  The  general  location  of  propellers,  front 
for  traction  or  rear  for  pusher,  probably  accounts 
for  their  susceptibility  to  lightning  strike  attachment. 
Tractor  blades  are  in  a  Zone  1A  or  2A  location  while 
pushers  will  be  in  Zone  IB.  The  high  current  compo¬ 
nent  of  lightning  ,  due  to  its  short  duration,  will  affect 
only  one  blade.  The  duration  of  the  intermediate  cur¬ 
rent  is  of  a  short  enough  time  that  it  will  also  involve 
only  one  of  the  blades,  but  the  propeller  does  spin  fast 
enough  that  the  long  duration  continuing  current  will 
divide  among  all  the  blades. 

A  lightning  flash  to  a  metal  propeller  does  little 
damage.  It  may  produce  minor  pitting  and  erosion  of 
metal  at  trailing  edges,  but  not  sufficient  to  require 
corrective  action  beyond  filing  down  of  rough  spots. 

Propellers  of  fiberglass  are  more  vulnerable  to 
lightning,  especially  if  internal  conducting  parts  are 
present.  Then  the  flash  can  puncture  to  those  in¬ 
ternal  conducting  objects,  causing  delamination  and 
eventually  complete  destruction.  If  the  internal  part 
has  only  a  small  cross-section  it  can  explode  and  cause 
explosive  shattering  of  the  blade.  Lightning  current 
entering  a  heater  wire,  for  extunple,  could  propagate 
elsewhere  and  cause  problems,  but  that  is  an  indirect 
effect  treated  in  later  chapters.  Protection  techniques 
are  the  same  as  for  other  dielectric  structures  as  de¬ 
scribed  in  §6.3.5  and  include  conductive  paints,  divert¬ 
ers,  and  surface  coatings.  Often  a  metal  leading  edge 
rain  erosion  strip  can  be  designed  to  safely  intercept 
the  lightning  flash. 

Dielectric  blades  will  be  subject  to  precipitation 
static  problems  and  any  antistatic  system  that  is  in¬ 
stalled  will  be  subject  to  lightning  as  well.  The  effects 
of  lightning  strikes  to  the  antistatic  system  must  be 
assessed  to  insure  that  no  safety  of  flight  hazards  can 
occur.  Graphite  composite  blades  are  less  vulnerable 
to  lightning  than  dielectric  composites,  but  verifica¬ 
tion  is  mandatory  due  to  the  critical  function  of  the 
blade.  If  protection  is  required,  methods  discussed  in 
§6.5  can  be  applied. 
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6.7.2  Rotor  Blades 

In  general,  helicopter  rotor  blades  or  rotating 
wings  are  similar  to  propeller  blades  in  their  lightning 
performance.  The  main  difference  is  the  greater  size 
of  the  rotor  blades.  The  larger  size  often  will  involve 
greater  complexity  in  terms  of  heater  blankets  for  de¬ 
ice  and  tip  lights.  Such  additional  systems  will  usu¬ 
ally  require  that  protection  be  designed  and  applied  to 
other  than  metal  blades. 

6.7.3  Gear  Boxes 

Lightning  currents  entering  propellers  or  rotor 
blades  must  exit  to  the  aircraft  through  the  gears 
and  bearings  supporting  the  propeller  or  rotor  shaft. 
The  conduction  of  these  currents  through  the  bearings, 
which  are  supported  on  insulating  lubricant  films,  will 
result  in  some  pitting  of  the  bearing  surfaces.  This 
does  not  appear  to  be  a  major  problem  since  there 
do  not  appear  to  be  any  records  of  any  catastrophic 
failures  of  bearings  associated  with  lightning  strikes. 
Engine  manufacturers,  however,  have  always  recom¬ 
mended  that  gear  boxes  and  bearings  be  disassembled 
and  inspected  after  a  strike.  This  usually  results  in 
replacement  of  the  bearing  since  it  is  not  possible  to 
differentiate  between  arc  pitting  and  wear.  There  does 
not  appear  to  be  any  way  of  avoiding  such  pitting  since 
lightning  current  will  always  go  through  the  bearing. 

There  are  no  practical  ways  of  diverting  current 
away  from  the  bearings. 

Helicopter  manufacturers  generally  do  not  recom¬ 
mend  bearing  inspections,  but  depend  on  gearbox  chip 
counter  circuits  to  indicate  the  conditions  of  bearings 
and  gears. 

6.7.4  Turbine  Engines 

Small  turbine  engines,  especially  those  mounted 
on  the  fuselage,  may  experience  turbine  stall  or  roll¬ 
back  during  a  lightning  event.  The  phenomenon  is 
thought  to  be  caused  by  the  lightning  channel  inter¬ 
rupting  the  air  flow  at  the  engine  air  inlet.  Numerous 
cases  of  power  loss  have  been  reported  [6.29]  and  in 
one  particular  instance  both  engines  sustained  a  flame- 
out.  Damage  to  the  engine  or  nacelle  is  generally  not 
observed.  No  protective  measures  are  known,  other 
than  pilots  being  aware  of  the  problem  and  practiced 
in  restart  procedures. 

6.8  Direct  Effects  Testing 

Lightning  tests  on  aircraft  are  an  attempt  to  du¬ 
plicate  the  effects  of  lightning,  not  an  attempt  to  du¬ 
plicate  lightning  itself.  The  point  is  important  because 
the  exigencies  of  test  equipment  make  it  necessary  to 
evaluate  the  high  voltage  effects  of  lightning  separately 


from  the  high  current  effects.  Test  machinery  is  not 
available  to  duplicate  the  energy  levels  of  lightning, 
that  is,  to  produce  currents  of  the  magnitude  involved 
in  the  lightning  return  stroke  while  simultaneously  du¬ 
plicating  the  high  voltages  of  a  developing  lightning 
leader.  High  voltages  can  readily  be  developed  and 
high  currents  can  readily  be  developed,  but  not  si¬ 
multaneously  by  the  same  machines.  Also,  a  focus 
on  lightning  effects,  rather  than  lightning  itself,  makes 
it  feasible  to  perform  high  current  testing  with  wave¬ 
shapes  different  from  those  produced  by  natural  light¬ 
ning. 

These  points  will  be  elaborated  upon  in  the  fol¬ 
lowing  sections.  Mostly  the  discussion  will  be  that  of 
Section  6.8.1,  dealing  with  test  machinery.  That  sec¬ 
tion  will  describe  the  methods  of  operation  and  factors 
governing  performance,  cost  and  tradeoffs  of  test  ma¬ 
chinery.  Section  6.8.2  will  discuss  test  standards  and 
test  procedures,  including  some  discussion  of  the  back¬ 
ground  of  their  development.  That  discussion  will  be 
brief  because  there  are  other  documents  that  cover  test 
standards  and  procedures  in  considerable  depth. 

6.8.1  Test  Equipment 

There  are  basically  two  types  of  test  made  on  air¬ 
craft  to  evaluate  direct  effects:  (a)  high  voltage  dis¬ 
charge  tests  to  help  identify  where  lightning  might  at¬ 
tach,  and  to  evaluate  the  efficacy  of  lightning  diverters 
and  (b)  injection  of  high  currents  into  objects  to  evalu¬ 
ate  their  resistance  to  the  burning  and  blasting  effects 
of  the  return  strokes. 

High  voltage  surge  generators:  High  voltages  of  the 
magnitude,  hundreds  and  thousands  of  kilovolts,  as¬ 
sociated  with  the  lightning  leader  are  commonly  pro¬ 
duced  by  slowly  charging  a  group  of  capacitors  in  par¬ 
allel  and  rapidly  discharging  them  in  series,  “Marx” 
generators,  after  the  inventor.  They  were  originally 
developed  for  testing  the  degree  to  which  the  insula¬ 
tion  of  high  voltage  electric  power  transmission  equip¬ 
ment  could  resist  the  high  voltages  produced  by  nat¬ 
ural  lightning  striking  power  transmission  lines.  That 
remains  their  most  common  use  today,  a  fact  that 
has  influenced  standardized  waveshapes,  including  the 
waveshapes  used  for  evaluating  lightning  effects  on  air¬ 
craft. 

Several  configurations  are  possible  for  impulse 
generators,  one  of  which  is  shown  in  Fig.  6.56.  Each 
of  the  capacitors  is  initially  charged  to  a  voltage  V 
through  resistors,  as  shown  in  Fig.  6.56(a).  Then, 
all  the  switches,  Si ,  S2 ,  Sj  •  •  •  are  closed  simultane¬ 
ously,  thus  connecting  all  the  capacitors  in  series,  as 
shown  in  Fig.  6.56(b),  and  allowing  them  to  discharge 
through  the  external  waveshaping  circuit.  Charging 
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voltage  is  typically  50  -  200  kV  per  stage.  The  partic¬ 
ular  circuit  gives  a  negative  going  output  voltage  for  a 
positive  charging  voltage,  but  other  configurations  can 
give  positive  output  voltage. 


Fig.  6.56  Marx  circuit  voltage  impulse  generator. 

(a)  While  charging 

(b)  After  erection 


In  practice,  the  switches  are  spark  gaps,  usually 
spheres  a  few  tens  of  centimeters  diameter.  Closure  of 
S\  connects  Cj  and  Cj  in  series,  which  places  2V  on 
Ci,  which  then  sparks  over  placing  C\,  Cj  and  Cj  in 
series,  placing  3V  on  S4.  The  process,  called  erection, 
cascades  until  all  capacitors  are  in  series.  Stray  capac¬ 
itance  from  the  various  stages  to  ground  is  essential  to 
the  initial  development  of  the  overvoltages  required  to 
close  switches  other  than  the  one  initially  fired.  For 
air  insulated  generators,  erectiou  takes  place  in  about 
10  ns,  10”*  seconds. 

The  initial  switch  closure  can  be  effected  by  phys¬ 
ically  moving  the  spheres  together  enough  to  allow 
Sj  to  breakdown  by  a  dc  overvoltage  or  by  inducing 
breakdown  by  a  pulse  applied  to  a  trigger  electrode,  a 
trigatron  spark  gap.  A  discussion  of  triggering  mech¬ 
anisms  is  beyond  the  scope  of  this  volume,  but  can  be 
found  in  the  literature.  Reference  (6.30)  gives  a  good 
introduction  to  the  matter  and  also  provides  additional 
references  to  the  vast  literature  on  pulsed  power  surge 
technology. 

Marx  circuit  voltage  generators  are  usually  rated 
in  terms  of  their  open  circuit  voltage  capability  be¬ 
cause  they  are  used  for  testing  insulation  and  other 


high  impedance  devices.  Operation  into  low  imped¬ 
ance  circuits  is  the  exception,  except  in  study  of  nu¬ 
clear  EMP  effects,  in  which  case  compactness  and 
speed  of  erection  becomes  important.  Such  genera¬ 
tors  are  generally  insulated  with  oil  or  insulating  gases, 
such  as  sulfur  hexafluoride,  but  the  generators  used 
during  tests  for  lightning  effects  axe  most  commonly 
air  insulated. 

Voltage  generators  sire  also  rated  in  terms  of  their 
stored  energy, 


W  =  nCgV'  joules  or  watt-seconds.  (6.23) 

A  large  machine  for  the  electric  power  field  might 
have  an  open  circuit  voltage  of  about  5  MV  (5  X  106 
V)  and  a  stored  energy  of  250  kilojoules.  10  MV  is 
about  the  highest  voltage  that  has  been  used  for  air 
insulated  machines.  Testing  for  aircraft  applications 
seldom  calls  for  such  voltages  or  stored  energy.  A  5 
MV  machine  can  produce  discharges  through  10  or 
more  meters  of  air,  but  standardized  test  practices  for 
determining  attachment  points  on  aircraft  seldom  call 
for  gaps  more  than  about  1  m  in  length. 

After  erection,  the  surge  generator  can  be  treated 
as  a  single  capacitor  of  magnitude  Cg  =  C» t*ge/-W 
charged  to  a  voltage  Vt  =  NVtt^se.  A  common  com¬ 
plete  generator  circuit,  including  waveshaping  compo¬ 
nents,  is  shown  in  Fig.  6.57. 

Disregarding  the  stray  inductance  of  the  circuit, 
it  produces  open  circuit  voltages  of  double  exponential 
waveshape,  as  discussed  in  §1.5.2  and  §9.10.1.  FYont 
time  is  controlled  by  the  charging  time  constant  of  the 
series  resistance  R,  and  the  waveshaping  capacitor  Ci. 
Tail  time  is  determined  by  how  long  it  takes  Cf  and 
Ci  to  discharge  through  the  resistors  to  ground,  Rt 
and  Rj.  In  practical  circuits,  Rj  is  frequently  a  re¬ 
sistive  voltage  divider  to  measure  the  output  voltage 
and  waveshape,  though  this  can  also  be  done  by  using 
the  waveshaping  capacitor  C\  as  the  high  voltage  arm 
of  a  capacitive  voltage  divider.  A  discussion  of  mea¬ 
suring  techniques  is  presented  in  [6.31].  Some  circuits 
dispense  with  either  Rt  or  R4,  but  if  a  low  resistance 
must  be  used  to  prevent  the  tail  time  from  being  too 
long,  it  is  more  efficient  to  use  a  high  resistance  voltage 
divider  (R,)  and  a  low  resistance  for  Rt. 

Approximate  values  of  the  front  and  tail  times  are 


7fro»l  *  3R,Ci 


Ttn,  =  0.7 


R»(Rt  +  Rj) 

Rt  +  R»  +  R4 ' 


(6.24) 

(6.25) 


In  the  high  voltage  power  field  the  waveshape 
most  commonly  produced  has  a  front  time  of  1.2  ps 
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and  a  tail  time  of  50  /is,  as  defined  in  §1.5.2.  Shorter 
front  times  can  be  produced,  but  the  effects  of  stray 
inductance  become  more  important,  both  to  the  per¬ 
formance  of  the  generator  and  to  calculation  of  the 
waveshape  produced  by  a  given  set  of  circuit  constants. 
Longer  tail  times  can  be  produced,  though  the  influ¬ 
ence  of  the  charging  resistors  must  be  taken  into  ac¬ 
count.  Efficient  generation  of  short  tail  times  requires 
the  addition  of  inductance  in  series  with  the  discharg¬ 
ing  resistors  [6.32], 


Fig.  6.57  Generator  circuit  including 
waveshaping  elements. 


Analytic  expressions  for  the  effects  of  these  vari¬ 
ous  factors  are  available,  but  it  is  more  practical  just 
to  make  numerical  calculations  using  one  of  the  many 
time  domain  circuit  analysis  programs.  For  the  cir¬ 
cuit  of  Fig.  6.58(a)  the  calculated  open  circuit  voltage 
would  be  as  given  in  Figs.  6.58(b)  end  (c).  The  front 
and  tail  times,  as  defined  in  [6.33]  are  1.3  /is  and  67 
/is  respectively.  The  circuit  constants  of  Fig,  6.58(a) 
are  typical  of  a  small  generator  that  might  be  used  for 
testing  of  aircraft  equipment. 

Since  the  purpose  of  the  generators  is  not  to  du¬ 
plicate  lightning,  but  only  to  duplicate  the  effects  of 
high  voltages  produced  by  lightning,  the  ability  to  pro¬ 
duce  high  currents  serves  no  special  purpose  and  is 
seldom  attempted.  High  voltage  generators  are  large 
end  tend  to  have  high  inductance,  Also,  they  are  usu¬ 
ally  designed  with  internal  series  resistance  to  prevent 
oscillatory  currents  from  flowing,  since  such  currents 
lead  to  reversals  of  voltage  on  the  capacitors,  which 
may  shorten  their  life.  The  circuit  constants  of  Fig. 
6.59(a)  are  fairly  representative  of  an  actual  moderate 
size  machine  machine,  particularly  as  regards  the  in¬ 
ternal  inductance  and  resistance.  Figs.  6.59(b)  and 
(c)  show,  for  two  different  values  of  external  series  re¬ 
sistance,  the  short  circuit  current  that  would  be  ob¬ 
tained,  The  circuit  dispenses  with  a  load  capacitor  on 
the  premise  that  a  unidirectional  current  wave  would 
be  desired. 


500  kV- 


Fig.  6.58  Open  circuit  voltage  waveshape. 

(a)  Representative  circuit  values 

(b)  Waveshape  of  front 

(c)  Waveshape  of  tail 


High  currant  generators:  Direct  effects  testing  for 
aircraft  components  more  generally  calls  for  the  injec¬ 
tion  of  high  currents  into  a  portion  or  sample  of  the 
aircraft  structure.  Injection  into  a  complete  aircraft 
is  seldom  either  attempted  or  necessary.  Most  com¬ 
monly,  the  current  is  injected  into  the  item  under  test 
either  through  a  small  air  gap  a  few  cm.  in  length  or 
sometimes  by  direct  metallic  connection. 

Surge  current  generators,  such  as  those  required 
to  produce  the  Component  A  and  Component  D  cur¬ 
rents  specified  [6.34)  for  testing  of  aircraft,  employ 
many  large  capacitors  in  parallel,  connections  being 
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configured  so  as  to  minimize  internal  inductance,  with 
Fig.  6  60  showing  a  representative  configuration.  The 
maximum  peak  current  available  from  a  capacitor 
bank  depends  on  the  circuit  inductance,  part  of  which 
is  internal  and  somewhat  under  the  control  of  the  bank 
designer  and  part  of  which  is  associated  with  the  test 
object  and  the  connecting  leads.  This  latter  depends 
on  the  size  of  the  test  object  and  may  be  the  induc¬ 
tance  that  limits  peak  current  available  from  a  partic¬ 
ular  generator.  The  external  circuit  inductance  asso¬ 
ciated  with  large  structures  is  largely  the  reason  that 
high  current  tests  on  complete  aircraft  are  seldom  at¬ 
tempted. 


internal  — — | external  - T-*-  load 


(c) 

Fig.  C.59  Short  circuit  currents. 

(a)  Circuit 

(b)  R  =  100  ohms 

(c)  R  =  1  ohm 


Since  the  external  inductance  is  relatively  large, 
the  discharge  switch  can  frequently  be  just  a  heavy 
duty  sphere  mechanically  brought  into  contact  with  a 
metal  plate.  Generators  optimized  for  minimum  inter¬ 
nal  inductance  should  have  more  sophisticated  switch¬ 
ing  devices,  such  as  those  discussed  in  [6.30].  For  a 
given  generator  and  load,  peak  current  is  varied  by 
adjusting  the  charging  voltage  of  the  surge  generator. 
Peak  current  may  not  vary  directly  with  charging  volt¬ 
age  because  of  the  effects  of  arcing  test  pieces,  but  the 
non-linearities  are  small. 

Surge  generators  are  most  commonly  operated  un¬ 
derdamped  in  order  to  obtain  maximum  current.  Un¬ 
derdamped,  by  definition,  means  that  the  output  cur¬ 
rent  is  oscillatory,  unlike  the  unidirectional  currents  as¬ 
sociated  with  natural  lightning  and  the  unidirectional 
voltage  wavec  easily  obtainable  from  generators  opti¬ 
mized  for  production  of  high  magnitude  impulse  volt¬ 
ages.  It  also  means  that  the  front  time  of  the  surge 
current  inherently  has  a  rather  long  front  time.  At¬ 
taining  unidirectional  current  waves  of  very  high  am¬ 
plitude  with  short  front  times  is  difficult.  It  can  be 
done,  but  the  machines  become  very  large  and  expen¬ 
sive.  For  direct  effects  testing,  development  of  fast 
front  times  is  not  essential  since  damage  depends  pri¬ 
marily  on  peak  current  and  current  duration,  not  the 
front  time  of  current.  The  front  time  of  the  current  is 
important  for  evaluating  indirect  effects,  but  that  is  a 
different  matter. 

With  an  undamped  machine  the  maximum  peak 
current  is 


where 


(6.26) 


V  =  charging  voltage 
C  =  generator  capacitance 
L  =  circuit  inductance. 

The  initial  rate  of  change  of  current,  at  T  =  0,  is 


d£  V 
dt  ~  L 

and  the  frequency  of  oscillation  is 


2*’/ZC 


(6.27) 


(6.28) 


Moderate  damping  does  not  have  much  effect  on 
the  above  values. 
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Fig.  6.60  High  current  surge  generator, 
(a)  Circuit  diagram 
(c)  Approximate  dimensions 


Unidirectional  current  waves:  There  are  three  ways 
to  produce  unidirectional  current  waves.  The  most 
straightforward  is  to  use  sufficient  series  resistance  to 
damp  the  oscillations.  Critical  damping  is  obtained 
with  a  resistance  of 


R  =  2*^/5  (6.29) 

Fig.  6.61  shows  the  effect  on  waveshape  of  the  cur¬ 
rent  from  the  indicated  surge  generator  as  resistance 
is  increased.  The  greater  the  resistance,  the  faster  the 
front  time,  but  the  less  the  peak  current.  Series  resis¬ 
tance  effectively  brings  sbout  a  unidirectional  current 
wave  by  throwing  away  as  heat  most  of  the  energy 
initially  stored  in  the  capacitor  bank. 

Another  way  is  to  use  a  series  resistor  that  has  a 
non-linear  VI  characteristic,  such  as  afforded  by  the 
zinc-oxide  blocks  used  in  surge  arresters.  Such  a  block 
would  have  a  low  dynamic  resistance  and  little  effect 
on  the  current  when  the  current  is  high,  but  as  the  cur¬ 
rent  returns  to  zero  and  tends  to  reverse  the  dynamic 
impedance  becomes  high  and  rapidly  absorbs  energy, 
suppressing  subsequent  half  cycles.  Fig.  6.62(a)  shows 
the  connection  and  Fig.  6.62(b)  illustrates  the  current 
waveshape. 

The  third  way  to  obtain  a  unidirectional  current 
wave  is  by  “crowbarring",  that  is,  to  short,  the  surge 
generator  at  the  instant  when  current,  in  the  test  piece 
is  at  a  maximum  [6.35,  6.36].  Ideally,  all  the  en¬ 
ergy  stored  on  the  capacitors  would  then  have  been 
transferred  to  external  inductance,  where  it  could  be 
“trapped”  by  the  crowbar  switch.  Prior  to  shorting, 
the  current  waveform  is  governed  by  the  circuit  capac¬ 


itance  and  inductance.  After  shorting  the  current  de¬ 
cays  with  a  time  constant  governed  by  the  load  induc¬ 
tance  and  the  external  resistance.  Crowbarring  thus 
does  nothing  to  improve  the  rise  time  of  the  current. 
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Fig.  6.61  Effect  of  damping  resistance 
on  waveshape. 

(a)  Circuit 

(b)  Underdamped  circuits 

(c)  Overdnmped  circuits 


Fig.  6.63(a)  shows  the  principle  and  Figs.  6.63(b) 
and  (c)  illustrate  the  resulting  waveshapes.  The  figure 
shows  the  generator  to  have  some  internal  inductance, 
since  it  can  never  be  completely  eliminated. 

Crowbarring  greatly  complicates  the  test  circuit 
and  is  difficult  to  do  successfully.  If  the  surge  gen¬ 
erator  were  free  of  inductance,  the  voltage  across  the 
capacitors  would  be  zero  at  the  time  of  shorting,  all 
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of  the  energy  initially  stored  having  been  transferred 
to  the  inductance  of  the  test  piece.  Since  the  switch 
must  close  at  or  near  voltage  zero,  it  is  difficult  to  use 
a  triggered  spark  gap  for  the  job.  Recourse  is  often 
had  to  switches  using  a  solid  dielectric  that  is  mechan¬ 
ically  ruptured  by  an  explosive  charge,  techniques  for 
which  are  discussed  in  [6.30].  The  unavoidable  inter¬ 
nal  inductance  of  the  generator  results  in  some  of  the 
circuit  energy  being  trapped  internal  to  the  generator, 
giving  rise  to  oscillatory  currents  in  the  storage  capac¬ 
itors.  This  tends  to  lower  the  life  of  the  capacitors. 


10-»  10°  10‘  10*  10*  1C4  10* 
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Fig.  6.C2  Unidirectional  wave  produced 
by  series  non  linear  resistor. 

(a)  Circuit 

(b)  VI  characteristic  of  non¬ 
linear  resistor 

( c )  Calculated  output  current 


Compound  circuits:  One  way  to  improve  the  front 
time  of  surge  current  generators  is  to  use  compound 
circuits.  In  the  overdamped  circuit  of  Fig.  6.64(a)  a 
judicious  choice  of  small  parallel  capacitors  and  series 
resistance  can  boost  up  the  leading  edge  of  the  current, 
as  shown  in  Fig.  6.64(b).  Theoretically,  almost  any 
wave  can  be  obtained  by  proper  choice  of  parallel  ele¬ 
ments  for  the  generator,  though  three  parallel  elements 
represents  about  the  limit  of  practical  usage.  Choice  of 
suitable  peaking  elements  generally  requires  consider¬ 
able  numerical  or  physical  experimentation  since  there 
is  considerable  interaction  among  the  circuit  elements. 
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Fig.  6.63  Unidirectional  wave  produced 
by  crowbarring. 

(a)  Circuit 

(b)  Calculated  output  current 

(c)  Current  in  capacitors 
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compound  circuit. 

(a)  Circuit 

(b)  Calculated  waveshapes 
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Fig.  6.65  Waveshape  improvement  by 
peaking  capacitor. 

(a)  Circuit 

(b)  Calculated  waveshapes 

only  practical  for  large  outdoor  generators.  Numerical 
or  physical  experimentation  may  be  necessary  to  de¬ 
termine  the  circuit  elements  that  give  optimum  wave¬ 
shape. 


Poking  capacitors:  Another  compound  circuit,  Fig. 
6.65(a)  employs  a  low  inductance  peaking  capacitor, 
Cf,  which  is  rapidly  charged  when  the  main  energy 
storage  bank  is  discharged  [6.37].  This  is  then  dis¬ 
charged  into  the  test  piece  when  the  auxiliary  spark 
gap  G]  is  fired-  Fig.  6.65(b)  shows  calculated  wave¬ 
forms  with  and  without  the  peaking  capacitor,  though 
the  indicated  circuit  elements  have  not  been  optimized 
to  give  the  best  waveshape, 

A  virtue  of  the  concept  is  that  the  peaking  ca¬ 
pacitor  can  be  charged  to  a  voltage  higher  than  the 
charging  voltage  of  the  main  energy  storage  bank,  by 
virtue  of  the  oscillation  that  takes  place  when  the  main 
switch  is  closed.  Higher  voltage  on  the  peaking  capac¬ 
itor  means  that  it  can  supply  more  initial  current. 

A  peaking  capacitor  works  best  when  its  induc¬ 
tance  and  the  inductance  of  the  discharge  path  are 
small.  Sometimes  a  parallel  plate  peaking  capacitor 
can  be  used,  the  capacitor  being  formed  from  a  mesh 
of  wires  held  above  a  ground  plane  with  the  test  ob¬ 
ject  being  underneath  the  overhead  grid,  though  this  is 


Rating  of  currant  generators:  Current  generators  are 
most  commonly  rated  in  terms  of  their  stored  energy, 
their  maximum  current  and  the  duration  of  the  current 
they  can  deliver  to  a  test  piece.  One  measure  of  a  surge 
current  is  its  Action  Integral,  defined  as 


AI 


Pdt 


(6.30) 


If  load  resistance  were  constant,  the  action  integral 
would  define  the  energy  delivered  by  the  current, 


W  =  AIxR  (6.31) 


Action  integral  is  a  useful  concept,  but  it  is  not,  how¬ 
ever,  a  perfect  measure  of  the  ability  of  a  test  current 
to  cause  damage  or  a  perfect  measure  of  the  energy 
transferred  from  the  generator  into  the  test  sample. 

Ideally,  current  generators  would  be  rated  in 
terms  of  their  ability  to  cause  damage  to  a  test  piece. 
Also,  ideally,  current  generators  would  be  high  volt¬ 
age  and  high  impedance  devices  capable  of  injecting 
a  specified  current  into  a  load  of  any  impedance.  As 
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a  practiced  matter,  current  generators  are  low  imped¬ 
ance  devices  and  the  current  delivered  to  the  load  does 
depend  on  the  impedance  of  the1  loach  Peak  current  is 
one  measure  of  the  ability  to  cause  damage  and  dura¬ 
tion  of  current  flow  is  another,  but  they  do  not  com¬ 
pletely  define  the  matter.  The  fact  that  the  current 
is  oscillatory  indicates  that  energy  is  being  transferred 
back  and  forth  between  the  capacitance  of  the  genera¬ 
tor  and  the  inductance  of  the  entire  circuit.  A  current 
that  oscillates  for  a  long  time,  and  thus  might  have  a 
large  action  integral,  does  not  indicate  that  it  is  capa¬ 
ble  of  causing  extensive  damage;  it  only  indicates  that 
energy  is  not  being  lost  from  the  surge  generator. 

When  the  high  current  produces  arcing  in  the  ob¬ 
ject  under  test,  the  load  resistance  is  not  constant,  but 
may  increase  with  time  as  the  current  burns  the  surface 
of  the  object  under  test.  When  this  happens,  the  in¬ 
creased  resistance  causes  more  energy  to  be  deposited 
in  the  test  sample,  which  is  to  say,  causes  energy  to 
be  transferred  more  efficiently  from  the  generator  into 
the  test  sample.  The  fact  that  energy  has  been  ex¬ 
tracted  from  the  generator  means  that  the  degree  of 
oscillation  of  the  test  current  is  reduced.  An  anoma¬ 
lous  situation  then  arises,  because  the  action  integral 
of  the  current,  which  supposedly  measures  the  damage 
producing  ability  of  the  current,  is  reduced  because  the 
current  has  produced  damage  to  the  object  under  test. 
Intermediate  current*:  Intermediate  currents.  Com¬ 
ponent  B  of  [6.34]  can  also  be  produced  by  capaci¬ 
tor  banks.  Capacitances  are  larger  than  those  used  to 


develop  Component  A  currents,  but  charging  voltage 
need  not  be  as  high. 

Continuing  currents:  Continuing  currents  can  be  pro¬ 
duced  by  a  dc  source,  such  as  storage  batteries  con¬ 
nected  in  series,  ac  transformers  feeding  rectifiers  or 
rotating  machines.  Storage  batteries  are  probably  the 
most  straightforward  and  economical  method. 

Complete  current  circuit:  Direct  effects  testing  fre¬ 
quently  requires  that  Component  A,  B  and  C  currents 
be  injected  into  a  test  piece.  A  typical  circuit  that  al¬ 
lows  this  to  be  done  is  shown  in  Fig.  6.66.  Closure  of 
switch  Sj  allows  the  Component  A  generator  to  dis¬ 
charge  into  the  test  piece,  the  frequency  of  oscillation 
being  determined  by  the  capacitance  of  the  generator 
and  the  circuit  inductance  and  the  decrement  being 
controlled  by  B.\.  The  resulting  voltage  across  gaps 
G\  and  G 2  causes  them  to  spark  over  and  allows  the 
Component  B  and  C  generators  to  discharge  into  the 
test  piece.  Lb  and  Rb  are  adjusted  so  that  the  Com¬ 
ponent  B  current  is  unidirectional  and  of  the  proper 
amplitude  and  duration.  Lc  and  Rc  adjust  the  am¬ 
plitude  of  the  continuing  current,  Component  C,  and 
prevent  the  Component  A  and  B  generators  from  dis¬ 
charging  into  the  low  impedance  storage  battery.  The 
duration  of  the  Component  C  current  can  be  adjusted 
by  opening  switch  S2,  closing  switch  S3  or  by  blow¬ 
ing  of  fuse  F.  Currents  are  measured  by  pulse  current 
transformers  and  resistive  shunts,  Tj,  R2  and  R3. 


Fig,  C.CG  Complete  current  generator. 


In  order  to  minimize  interference  to  measuring 
equipment,  a  complete  surge  generator  normally  would 
have  the  low  voltage  side  of  all  the  component  genera¬ 
tors  connected  together  at  one  point,  as  shown  in  Fig. 
6.48. 

6.8.2  Test  Practices  and  Standards 

Techniques  and  waveforms  for  direct  effect  light¬ 
ning  tests  on  aircraft  have  been  codified  by  industry 
working  groups  and  are  presented  in  [6.34]  and  [6.38]. 
The  documents  present  a  general  consensus  of  prac¬ 
tice  in  both  the  USA  and  Europe.  They  have  been 
influenced  by  test  practices  that  were  common  in  the 
electric  power  industry  long  before  testing  on  aircraft 
was  codified,  and  some  discussion  of  those  practices 
is  useful  in  interpreting  [6.33]  and  [6.38].  Power  in¬ 
dustry  practice  is  codified  in  documents  such  as  [6.33] 
and  [6.39  -  9.41]  and  wherever  possible  aircraft  test¬ 
ing  practices  have  tended  to  follow  those  guidelines, 
deviating  no  more  than  necessary. 

Voltage  test  waves:  Impulse  voltage  test  waves  were 
developed  in  response  to  the  observation  that  voltages 
induced  on  power  transmission  lines  by  lightning  were 
generally  unidirectional  and  tended  to  have  front  times 
of  a  few  microseconds  and  decay  times  of  a  few  tens  of 
microseconds.  Similar  waveforms  could  be  produced 
in  the  laboratory  by  simple,  though  expensive,  surge 
generators  such  as  the  Marx  circuit  impulse  generator. 
Generators  that  might  produce  other  idealized  waves, 
such  as  square,  trapezoidal  or  triangular  waves,  would 
have  been  much  complex. 

Present  practice  is  to  define  the  standard  light¬ 
ning  test  wave  as  one  having  a  1.2  x  50  ps  waveshape, 
that  is,  a  front  time  of  1.2  /is  and  a  decay  time  of 
SO  /is,  the  definitions  being  as  given  in  §1.5.2.  FYont 
time  is  taken  as  the  virtual  front  time  of  Fig.  1.10  be¬ 
cause  it  is  often  more  clearly  defined  than  the  actual 
time  to  crest.  High  voltage  surge  generators  do  not 
deliver  mathematically  pure  double  exponential  waves; 
the  wave  is  initially  distorted  by  the  firing  of  the  spark 
gaps  of  the  generator  and  the  wave  near  crest  may  be 


distorted  by  non-linearities  of  the  test  piece.  None  of 
these  have  any  practical  effect  on  the  response  of  in¬ 
sulation,  but  they  can  cause  expensive  controversy  in 
interpretation. 

Early  practice,  before  about  1960,  called  for  a 
1.5  x  40  ps  waveshape  in  the  USA  and  Canada  and  a 
1x50  ps  waveshape  in  Europe.  Tolerances  on  front  and 
tail  times  were  intentionally  loose,  however,  and  there 
was  little  practical  difference  between  the  two.  Inter¬ 
national  standardizing  activities  have  led  to  a  compro¬ 
mise  and  the  present  1.2  x  50  ps  wave  is  used  world¬ 
wide.  The  wave,  when  not  interrupted  by  breakdown 
of  a  gap  or  insulation,  is  called  a  Fbll  Wave,  as  dis¬ 
cussed  in  §1.5.3  and  Fig.  1.11.  It  is  carried  over  into 
aircraft  testing  as  Voltage  Waveform  B  -Full  Wave  in 
paragraph  3. 2. 1.2  of  [6.34]. 

When  measuring  the  performance  of  a  spark  gap 
it  is  usually  found  that  the  breakdown  voltage  depends 
on  how  rapidly  the  voltage  is  increased.  Power  indus¬ 
try  practice  has  been  to  measure  the  breakdown  volt¬ 
age  of  protective  spark  gaps  by  applying  voltage  waves 
rising  at  the  rate  of  1000  kV/ps.  Such  a  voltage  can 
be  produced  by  suitable  adjustment  of  the  charging 
voltage  and  circuit  elements  of  standard  Marx  circuit 
impulse  generators.  The  resulting  voltage  is  called  a 
Steep  FYont,  SF,  wave.  It  is  carried  into  aircraft  testing 
as  Voltage  Waveform  A  -  Basic  Lightning  Waveform 
in  paragraph  3.2.1. 1  of  [6.34]. 

Power  industry  practice  also  calls  for  evaluating 
the  sparkover  voltage  of  transmission  line  insulators 
when  exposed  to  switching  surges  having  front  times 
of  several  tens  or  hundreds  of  microseconds.  Such  volt¬ 
ages  can  also  be  produced  by  Marx  circuit  impulse 
generators.  Similar  voltages  are  called  for  in  aircraft 
testing  as  Voltage  Waveform  D  -  Slow  Front  Model 
Tests  of  paragraph  3. 2. 2.2  of  [6.34]. 

Current  test  waves:  Power  industry  testing  of  surg< 
arresters  calls  for  a  8  X  20  ps  wave,  ps  was  discussed 
in  §1.10.  In  the  aircraft  industry,  similar  test  waves 
are  used  for  evaluating  surge  arresters  used  in  aircraft, 
but  are  not  in  use  otherwise. 
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CHAPTER  7 


FUEL  SYSTEM  PROTECTION 


7.1  Introduction 

The  design  of  adequate  lightning  protection  for 
aircraft  fuel  systems  is  one  of  the  most  important  light¬ 
ning  protection  tasks  to  be  accomplished.  Government 
airworthiness  certification  requirements  stress  fuel  sys¬ 
tem  safety  because  this  system  has  been  responsible  for 
most  lightning-related  aircraft  accidents. 

Elements  of  the  fuel  system  are  typically  spread 
throughout  much  of  an  aircraft  and  occupy  a  signif¬ 
icant  amount  of  its  volume  They  include  the  fuel 
tanks  themselves,  associated  vent  and  transfer  plumb¬ 
ing,  and  electrical  controls  and  instrumentation.  Care¬ 
ful  attention  must  te  par  \  to  all  of  these  elements  if 
adequate  protection  is  to  be  obtained. 

The  main  objective  of  fuel  system  lightning  pro¬ 
tection  is  to  keep  ignition  of  fuel  from  destroying  the 
aircraft  during  a  strike.  This  goal  is  quite  challeng¬ 
ing  because  thousands  of  amperes  of  current  must  be 
transferred  through  the  airframe  when  the  aircraft  is 
struck  by  lightning  and  a  tiny  spark  of  less  than  one 
ampere  may  release  sufficient  energy  inside  a  fuel  tank 
to  ignite  the  fuel  vapor  and  initiate  an  explosion. 

Prevention  of  fuel  ignition  hazards  from  lightning 
must  be  accomplished  by  one  or  more  of  the  following 
approaches: 

1.  Containment:  Designing  the  structure  to  be 
capable  of  containing  the  resulting  overpressure 
without  rupture. 

2.  Inerting:  Controlling  the  atmosphere  in  the  fuel 
system  to  ensure  that  it  cannot  support  combus¬ 
tion. 

3.  Foaming:  Filling  the  fuel  systems  with  a  mate¬ 
rial  that  prevents  a  flame  from  propagating. 

4.  Eliminating  ignition  eourcec.  Designing  the 
structure  so  that  lightning  does  not  produce  any 
ignition  sources. 

The  following  paragraphs  discuss  all  of  these 
methods  of  preventing  fuel  system  hazards.  Several 
important  studies  relating  to  fuels  and  the  mechanism 
of  ignition  are  reviewed  and  guidelines  for  effective  pro¬ 
tection  of  fuel  systems  are  then  presented. 

Laboratory  studies  involving  simulated  lightning 
strikes  to  fuel  tanks  or  portions  of  an  airframe  contain¬ 
ing  fuel  tanks  have  demonstrated  several  possible  ig¬ 
nition  mechanisms.  Investigations  of  the  accidents  in¬ 
volving  fuel  tank  fires  and  explosior  haw  raised  other 


possibilities.  Possible  ignition  sources  can  be  divided 
into  the  following  two  broad  categories,  thermal  and 
electrical. 

Thermal  ignition  sources 

X.  Hot  spots  on  the  interior  surfaces  of  metal  or  com¬ 
posite  fuel  tank  skins,  due  to  lightning  attachment 
to  exerior  surfaces. 

2.  Hot  parts,  such  as  electrical  wires,  ground  braids 
or  tubes,  raised  to  elevated  temperatures  by  high 
densities  of  lightning  currents  on  these  parts. 

Fo-  hot  spots  to  ignite  fuel  vapor,  their  tempera¬ 
ture  must  usually  exceed  800°C  or  1500°  F  for  a  pe¬ 
riod  of  one  second  or  more.  Some  metals,  such  as  alu¬ 
minum,  will  melt  through  before  the  interior  surface 
reaches  the  ignition  point  of  the  fuel. 

Electrical  ignition  sources 

1 .  Electrical  sparks  between  conductive  elements  iso¬ 
lated  from  each  other,  due  to  potential  differences 
arising  from  lightning  currents  in  the  airframe,  or 
from  changing  magnetic  fields. 

2.  Electrical  arcs,  the  ejection  of  molten  and/or 
burning  material  due  to  current  passing  between 
conductive  elements  in  contact  with  each  other 
when  the  current  density  exceeds  the  current  car¬ 
rying  capability  of  the  contact  points. 

Arcing  and  sparking  within  the  fuel  vapor  space 
of  a  fuel  tank  is  one  of  the  primary  concerns  of  the  fuel 
tank  protection  designer.  The  distinction  between  arc¬ 
ing  and  sparking  is  worth  reviewing.  Arcing  is  the  re¬ 
sult  of  current  through  the  interface  between  two  con¬ 
ducting  materials  which  are  making  limited  electrical 
contact.  Such  a  condition  may  exist  at  the  interface 
of  a  fastener  with  structure,  as  at  an  access  door,  or 
between  two  structural  components  such  as  a  spar  and 
rib.  A  spark,  on  the  other  hand,  is  an  electrical  dia- 
charge  resulting  from  a  difference  of  potential  across  an 
air  gap  or  along  a  dielectric  material.  This  condition 
may  exist,  for  example,  when  two  structural  elements 
are  isolated  from  each  other  such  as  a  spar  and  wing 
skin  which  are  bonded  together  by  an  electrically  nan- 
conductive  adhesive.  Current  through  the  tank  may 
result  in  %  difference  of  potential  between  these  atruc- 
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tures,  causing  a  spark  to  jump  across  the  bond  line 
between  the  two.  In  most  tank  designs,  sparks  are  leas 
likely  than  arcs. 

While  the  above  mechanisms  have  been  postu¬ 
lated  as  the  probable  cause  of  the  in-flight  fuel  tank 
explosions  associated  with  lightning  strikes,  the  exact 
location  or  source  of  ignition  has  not  been  positively 
identified  in  any  of  these  accidents.  The  amount  of 
energy  in  an  electrical  spark  required  to  cause  ignition 
is  so  small  that  such  a  spark  would  leave  little  or  no 
other  evidence  of  itself,  such  as  pitting  of  a  metal  sur¬ 
face.  It  may  also  be  possible  that  ignition  occurred 
outside  the  fuel  system  itself,  for  example,  at  a  fuel 
vent  outlet,  and  then  propagated  through  vent  pipes 
to  the  inside. 

7.2  Fuel  Flammability 

Fuel  cannot  ignite  until  some  of  it  has  become 
vaporized  and  mixed  in  a  combustible  ratio  with  oxy¬ 
gen  or  air.  The  flammability  of  the  vapor  in  a  fuel 
tank  varies  according  to  the  concentration  of  evapo¬ 
rated  fuel  in  the  available  air.  Reducing  the  fuel-to- 
air  ratio  below  a  definite  minimum  value  produces  a 
mixture  that  is  too  lean  to  burn.  Likewise,  if  the  fuel- 
to-air  ratio  is  too  high,  the  mixture  will  be  too  rich 
to  burn.  In  between  these  extremes  there  is  a  range  of 
mixtures  that  will  burn. 

When  only  equilibrium  conditions  are  considered, 
the  particular  fuel-to-air  ratio  that  can  exist  in  a  tank 
is  determined  by  the  temperature  of  the  fuel  and  the  al¬ 
titude  (pressure)  of  the  aircraft.  The  temperature  de¬ 
termines  the  vapor  pressure,  and  thus  the  quantity  of 
the  fuel  vapor,  and  the  altitude  determines  the  quan¬ 
tity  of  air.  The  combination  of  temperature  and  alti¬ 
tude  determines  whether  the  vapor  in  the  ullage  (the 
space  from  which  fuel  has  been  drained)  of  a  fuel  tank 
is  either  flammable  or  nonflammable. 

Research  concerning  fuel  vapors  and  their  flam¬ 
mability  characteristics  has  included  laboratory  inves¬ 
tigations  of  fuel  vapors  that  exist  within  laboratory 
type  containers  as  well  as  those  that  exist  during  flight. 

Nestor's  study:  Perhaps  the  most  comprehensive  lab¬ 
oratory  work  is  that  of  Nestor  (7.1),  who  paid  particu¬ 
lar  attention  to  the  behavior  of  fuels  in  aircraft  tanks 
and  flight  environments.  He  found  wide  variations  in 
the  amount  of  fuel  that  can  exist  in  the  vaporized  state 
as  a  result  of  a  wide  variety  of  temperatures,  pressures, 
and  motions  that  can  exist  in  flight 

In  addition  to  fuel  already  present  ns  a  vapor,  the 
aircraft  motion  and  vibration  also  causes  the  liquid 
fuel  to  be  dispersed  in  the  vapor  space  in  the  form  of 
mists  and  spray.  An  ignition  source  might  heat  these 
droplets  of  fuel  to  a  point  where  there  is  enough  vapor 


present  to  support  a  flame,  even  if  insufficient  vapor 
has  been  released  from  the  bulk  fuel  surface  itself.  The 
developing  flame  then  vaporizes  more  fuel,  which  con¬ 
tinues  to  feed  and  enlarge  the  flame.  Temperature  and 
altitude,  however,  are  the  primary  characteristics  re¬ 
lated  to  flammability. 

Types  of  fuel:  Almost  all  aircraft  with  reciprocat¬ 
ing  engines  use  100  octane  aviation  gasoline  (AvGas). 
Turbine  engine  fuels,  however,  come  in  two  broad  cat¬ 
egories  based  on  their  distillation  temperature  ranges; 
aviation  kerosenes  and  wide-cut  fuels.  The  aviation 
kerosenes  include  Jet  A,  Jet  A-l,  and  JP-5.  The  wide- 
cut  fuels,  which  have  a  higher  percentage  of  volatile 
components,  include  Jet  B  and  JP-4.  Turbine  powered 
commercial  aircraft  in  the  United  States  and  in  some 
foreign  countries  are  fueled  with  aviation  kerosenes. 
U.S.A.F.  aircraft,  and  commercial  transports  in  some 
other  countries,  have  fueled  with  wide-cut  fuels  in  the 
past.  Th  U.S.A.F.  will  convert  to  JP-8,  starting  with 
NATO  and  finishing  in  the  U.S.  in  the  mid  1990s.  The 
U.S.  Navy  uses  JP-5  for  carrier  operations  because  it 
has  a  high  flash-point. 

Flammability  envelopes:  The  relationship  of  tem¬ 
perature  and  altitude  to  tank  vapor  flammability  is 
illustrated  by  the  flammability  envelope.  A  typical 
flammability  envelope  is  shown  in  Fig.  7.1  [7.2].  The 
flammability  limits  for  aviation  gasoline  and  the  tur¬ 
bine  fuels  are  presented  in  Fig.  7.2.  [7.3]  As  shown 
in  Fig.  7.2,  the  lean  limit  for  the  aviation  kerosenes 
ranges  from  40  to  60°  C  at  sea  level  and  the  rich  limit 
ranges  from  85  to  105“  C.  For  the  wide-cut  fuels,  the 
lean  and  rich  limits  at  sea  level  are  about  — 30°C 
and  10°C,  respectively.  For  aviation  gasoline  the  lean 
limit  is  approximately  -40°C  and  the  rich  limit  about 
-5°C. 


Fig.  7.1  Typical  flammability  envelope  of 
an  aircraft  fuel. 
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pump  or  pressurized  fuel  line  can  extend  the  flamma¬ 
bility  envelopes  of  Figs.  7.2  and  7.3  to  the  left  into 
the  region  of  colder  temperatures.  Thus,  even  though 
Figs.  7.2  and  7.3  indicate  that  the  vapor-air  mixture 
in  the  tanks  of  an  aircraft  fueled  with  Jet  A  would  be 
too  lean  to  support  combustion  for  the  conditions  un¬ 
der  which  most  lightning  strikes  occur,  there  can  be 
no  assurance  that  this  is  always  so,  since  agitation  of 
the  fuel  may  occur  in  flight. 
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Fig.  7.2  Flammability  limits  for  typical  aircraft  fuels 
as  a  function  of  altitude  and  temperature. 

The  volatility  of  each  of  the  above  fuels  is  related 
to  the  vapor  pressure  of  the  fuel.  Fuels  with  higher  va¬ 
por  pressures,  such  as  JP-4,  will  release  sufficient  va¬ 
por  at  lower  temperatures  to  reach  a  flammable  mix¬ 
ture,  thus  lowering  the  flammability  envelope.  Fuels 
with  lower  vapor  pressures,  such  as  JP-5,  must  be  at  a 
higher  temperature  to  release  sufficient  vapor  to  form 
an  ignitable  mixture. 

Mixing  of  fusls:  There  are  important  factors  which 
may  alter  the  flammability  limits  of  the  vapor  inside 
an  aircraft  fuel  tank  from  those  shown  in  Fig.  7.2, 
however.  One  of  these  is  the  mixing  of  one  type  of 
fuel  with  another.  Fig.  7.3  (7.4]  shows,  for  exam¬ 
ple,  the  flammability  limits  determined  by  Nestor  of 
a  mixture  comprised  of  85%  Jet  A  and  15%  Jet  B  fu¬ 
els.  Such  a  mixture  might  have  occurred  if  the  aircraft 
had  originally  been  fueled  with  Jet  B  and  later  refueled 
with  Jet  A.  The  flammability  envelope  of  the  resulting 
mixture  in  the  tank  would  be  lower  than  if  the  tanks 
had  contained  100%  Jet  A  fuel.  As  such,  the  lowered 
envelope  encompasses  the  altitudes  and  temperatures 
where  most  lightning  strikes  to  aircraft  have  occurred. 

Agitation:  Agitation  is  another  way  that  the  flamma¬ 
bility  envelopes  might  be  altered  from  those  shown  in 
Fig.  7.2,  for  the  latter  are  valid  only  when  the  mix¬ 
ture  is  stabilized.  Agitation  of  fuel  or  spray  from  a 


Fig.  7.3  Flammability  envelope  of  the  fuel  blend  85% 
Jet  A/15%  Jet  B,  and  altitude/temperature 
envelope  enclosing  most  lightning  strikes. 

Inerting:  A  number  of  methods  have  been  devel¬ 

oped  to  inert  the  ullage  in  aircraft  fuel  tanks  to  keep 
flames  from  enlarging  and  spreading  even  if  there  were 
a  source  of  ignition.  These  include  Ailing  the  fuel  tank 
ullage  with  non-flammable  gases,  such  as  nitrogen  or 
carbon  dioxide. 

Extinguishing:  Extinguishing  involves  detecting  a 
flame  and  rapidly  Ailing  the  tank  with  some  gas  (ie. 
halogen)  that  extinguishes  the  flame. 

Foaming:  The  use  of  reticulated  foams  in  fuel  tanks 
to  prevent  the  propagation  of  a  flame  front  has  been 
shown  to  be  very  successful  in  some  applications.  The 
foams  add  very  little  weight  and  displace  less  than  3% 
of  the  fuel  in  the  tank.  The  foam  cools  and  slows  the 
spead  of  the  flame  causing  it  to  die.  Unfortunately, 
some  of  the  foams  generate  static  charges  sufficient 
to  ignite  fuel  vapors.  Each  time  such  an  ignition  oc¬ 
curs,  some  of  the  foam  is  lost.  After  many  hours  of 
flight,  the  foam  will  have  burned  away  to  the  extent 
that  it  may  no  longer  provide  protection.  A  conduc¬ 
tive  foam  has  been  developed  (CSF-204  beige)  which 
significantly  reduces  the  tendency  for  internally  gen¬ 
erated  sparks.  Non-conductive  foams  (Type  II  yellow 
and  Type  IV,  blue)  both  have  been  shown  to  generate 
internal  static  sparks  [7.5]. 
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Nitrogen  inerting  systems  have  been  developed 
and  flight  tested  on  the  USAF  C-141  and  C-135  air¬ 
craft  [7.6]  among  others.  Foaming  and  extinguishing 
systems  have  been  incorporated  in  the  design  of  sev¬ 
eral  fighters  to  provide  protection  against  fuel  ignition 
due  to  enemy  gunfire.  None  of  these  systems  have  been 
used  on  any  of  the  commercial  aircraft  fleets  because 
of  potential  cost  and  weight  penalties. 

Ignition  thresholds:  Lewis  and  Von  Elbe  [7.7],  in  stud¬ 
ies  made  in  the  1950’s  and  1960’s  for  the  US  Bureau 
of  Mines,  found  that  the  minimum  ignition  energy  of 
most  light  hydrocarbon  fuels  (methane,  propane,  pen¬ 
tane,  etc.)  was  200  microjoules,  a  figure  which  is  the 
basis  for  the  present  fuel  system  protection  specifica¬ 
tions  and  test  procedures. 

More  recent  investigations  by  Crouch  [7.8]  to  de¬ 
termine  minimum  ignition  thresholds  of  the  hydrocar¬ 
bon  fuels  commonly  found  in  aircraft  fuel  tanks  have 
shown  that  there  is  no  specific  energy  level  above  which 
ignitions  will  always  occur  and  below  which  they  will 
never  occur.  In  particular,  it  was  found  that  the  200 
microjoule  criterion  would  not  always  cause  an  igni¬ 
tion.  Test  results  showed  that  under  optimum  condi¬ 
tions,  with  the  oxygen  content  at  20%,  spark  ignitions 
from  an  electrical  spark  dissipating  200  microjoules  of 
energy  occurred  at  a  rate  of  between  only  1  ignition 
in  1000  tests  (0.1%)  and  1  ignition  in  10  000  tests 
(0.01%). 

The  test  data,  for  a  1.2  stoichiometric  mixture  of 
propane  with  20%  oxygen,  is  plotted  in  the  graph  of 
Fig.  7.4(a).  Tests  were  made  with  sparks  of  several 
energy  levels.  The  horizontal  line  at  each  point  rep¬ 
resents  the  range  of  probability  of  ignition  among  the 
individual  sparks  at  a  given  nominal  level.  Levels  with 
no  ignitions  (0%)  or  all  ignitions  (100%)  are  shown  as 
lines  on  the  left  (0%)  and  right  (100%)  margins  which 
indicate  the  probability  that  would  result  if  an  addi¬ 
tional  test  had  resulted  in  an  ignition  or  non-ignition. 

if  a  criterion  of  a  50%  probability  of  ignition  is 
used,  then  the  required  energy  level  is  seen  to  be  in 
the  range  of  700  to  800  microjoules. 

The  probability  of  ignition  was  also  increased  by 
raising  the  oxygen  content  of  the  mixture.  Crouch 
found  that  a  200  microjoule  spark  would  ignite  a  30% 
oxygen  mixture  between  70%  and  80%  of  the  time  as 
shown  by  the  test  data  graph  of  Fig.  7.4(b). 

Thu..,  it  would  appear  that  if  a  200  microjoule 
criterion  is  required,  tests  must  be  conducted  using  an 
enriched  oxygen  mixture.  If  a  standard  1.2  stoichio¬ 
metric  mixture  is  used,  then  sparks  of  less  than  700  to 
800  microjoules  will  not  likely  be  detected. 

Although  a  700  to  800  microjoule  level  is  3.5  to  4 
times  the  criterion  presently  in  use,  it  is  still  extremely 
low  compared  to  the  thousands  of  joules  that  can  !*e 


developed  by  a  lightning  strike.  It  is  easy  to  see  how 
even  a  small  portion  of  this  energy  entering  the  fuel 
system  can  result  in  fuel  ignition  and  a  safety  of  flight 
hazard. 


Fig.  7.4  Probability  of  ignition  versus  spark  energy. 

(a)  Propane,  20%  oxygen,  1.2  stoichiometric 

(b)  Propane,  30%  oxygen,  1.2  stoichiometric 


Currant-tima  threshold:  While  the  minimum  en¬ 
ergy  concept  helps  greatly  in  evaluating  the  hazard 
from  sparks,  most  lightning  data  are  described  analyt¬ 
ically  or  experimentally  in  terms  of  current  waveforms, 
rather  in  terms  of  energy.  Attempts  have  been  made 
to  evaluate  probability  of  ignition  in  terms  of  current. 
Fig.  7.5  presents  one  investigators  [7.9]  conclusions, 
but  a  review  of  that  data  indicates  that  it  does  not 
appear  to  be  reliable  and  that  evaluations  in  terms  of 
current  (magnitude  and  waveshape),  rather  than  en¬ 
ergy,  are  too  simplistic  to  be  useful. 

The  foregoing  data  illustrate  the  necessity  of  pre¬ 
venting  any  electrical  arcs  or  sparks  from  occurring 
within  an  aircraft  fuel  tank,  since  even  very  small  per¬ 
centages  of  the  total  lightning  current  might  produce 
incendiary  arcs  or  sparks. 

7.3  Vent  Outlets 

The  temperature  of  a  lightning  channel  far  ex¬ 
ceeds  that  required  to  ignite  a  flammable  fuel-air  mix¬ 
ture;  therefore,  any  direct  contact  of  the  lightning  flash 
with  such  a  mixture  must  be  considered  an  ignition 
source.  Since  fuel  tank  vents  are  the  primary  means 
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by  which  a  flammable  fuel  vapor  can  be  exposed  to 
the  outside  of  an  aircraft,  a  considerable  amount  of 
research  has  been  undertaken  to  evaluate  the  possibil¬ 
ities  of  lightning  ignition  of  fuel  vent  vapors. 


Fig.  7.5  Ignition  current  versus  pulse  duration. 


7.3.1  Review  of  Basic  Studies 

Lockheed  study:  One  of  the  first  fuel  vent  studies 
was  that  of  the  Lockheed-Califomia  Company  and  the 
Lightning  and  Transients  Research  Institute  in  1963 
for  the  National  Aeronautics  and  Space  Administra¬ 
tion  [7. 10].  In  that  program,  fuel-air  concentrations  in 
the  vicinity  of  aircraft  vent  outlets  of  several  configura¬ 
tions  were  measured  and  mapped  under  various  condi¬ 
tions  of  tank  vapor  fuel-air  ratio  and  effluent  velocity. 
The  tests  were  performed  in  a  wind  tunnel  producing 
an  airflow  of  up  to  100  knots.  Mast  vents  discharged 
into  wakes  and  into  free  air  streams  were  tested,  as 
well  as  flush  vents  discharging  into  boundary  layers, 
as  shown  in  Fig.  7.6  [7.11]. 


(A)  airflow 


(C)  airflow 


Fig.  7.6  Three  general  classes  of  fuel  vent  exits. 
(a,b)  Mast  or  extended  outlets 
(c)  Flush  vent  outlet 

The  study  showed  that  a  vent  discharging  into  a 
free  air  stream  provides  the  greatest  dilution  of  fuel 
vapor  and  thus  has  the  smallest  flammable  region  of 
the  vent  configurations  tested,  but  it  also  showed  that 
flammable  mixtures  could  exist  in  the  immediate  vicin¬ 
ity  of  each  type  of  vent  outlet. 

Dilution  profiles:  A  typical  mixture  concentration 
profile  of  the  area  aft  of  a  flush  vent  outlet  is  shown  in 
Fig.  7.7.  [7.12]  Dilution  of  the  original  effluent  by  air 
to  30%  or  less  of  the  initial  concentration  might  well 
lean  it  out  of  the  flammability  envelope,  depending  on 
its  original  fuel-air  concentration.  Thus,  dilution  to  a 
nonflammable  mixture  probably  occurs  at  a  distance 
of  one  vent  diameter  or  more  from  the  vent  outlet. 
This  finding  suggests  that  a  lightning  strike  or  associ¬ 
ated  streamer  must  occur  very  near  to  the  edge  of  a 
vent  outlet  for  an  ignition  to  occur. 
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Fig.  7.7  Topical  profile  of  vent  effluent  in  air  stream  aft  of  a  flush  vent  outlet. 

-  Profiles  vary  according  to  boundary  layer  thickness  and  velocities  of  efflue 
and  air  stream 

-  Boundary  layer  thickness  =  0.50  vent  diameters 

-  Vent  exit  velocity  *=  O.lx  free  stream  velocity 
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Flame  arresters:  The  above  prediction  was  confirmed 
in  the  second  part  of  the  1963  Lockheed-LTRI  study 
[7.13].  During  these  tests,  lightning  strikes  were  ap¬ 
plied  to  flush  vent  outlets  from  which  flammable  fuel- 
air  mixtures  were  exiting  into  a  100  knot  airstream. 
The  tests  were  performed  with  and  without  flame  ar¬ 
resters  installed.  These  flame  arresters,  which  were  be¬ 
ing  evaluated  as  possible  protective  devices,  consisted 
of  a  parallel  bundle  of  small  diameter  metal  tubes  in¬ 
serted  into  the  vent  line  near  the  vent  outlet,  as  pic¬ 
tured  in  Fig.  7.8(a).  An  alternate  construction  utilized 
a  series  of  baffles  extending  into  the  fuel  vapor  flow, 
as  shown  in  Fig.  7.8(b).  The  object  in  either  case  was 
for  the  tubes  or  baffles  to  cool  the  flame  enough  to 
extinguish  it. 


Fig.  7.8  Flame  arrester  configurations. 

(a)  Tubular  construction 

(b)  Baffle  construction 

The  teat  results  showed  that  it  was  only  possible 
to  ignite  the  vent  effluent  in  the  100  knot  airflow  when 
the  lightning  arc  was  delivered  directly  to  the  lip  of 
the  vent  outlet.  Arcs  delivered  to  spots  as  close  as 
2.5  cm  (1  in)  away  did  not  ignite  the  effluent.  The 
results  also  showed  that  flames  ignited  by  the  strikes 
to  the  outlet  could  propagate  inward  through  the  flame 
arresters  when  they  were  installed  near  the  vent  outlet 
While  the  flame  arresters  did  extinguish  some  flames 
ignited  at  the  outlet,  they  did  not  stop  all  such  flames. 
Evidently  the  intense  blast  pressures  of  the  lightning 
arc  acted  to  force  the  flame  through. 


FAA/Atlantic  Research  studies:  The  crash  of  a  Boe¬ 
ing  707  aircraft  near  Elkton,  Maryland,  on  Decem¬ 
ber  8,  1963,  after  being  struck  by  lightning  [7.14], 
prompted  another  investigation  into  the  possibility  of 
lightning  initiated  fuel  tank  vent  fires.  This  investiga¬ 
tion,  sponsored  by  the  FAA,  was  undertaken  by  Bolta 
and  others  of  the  Atlantic  Research  Corporation  with 
the  support  of  Newman  and  others  of  the  Lightning 
and  Transients  Research  Institute  [7.15].  The  work  fo¬ 
cused  on  the  Boeing  707  wing  tank  and  vent  system, 
with  the  objective  of  determining  the  conditions  un¬ 
der  which  ignition  of  fuel  vent  effluent  allows  flames  to 
propagate  back  through  the  vent  duct  and  surge  tank 
and  from  there  into  the  reserve  tank.  Another  objec¬ 
tive  was  the  evaluation  of  various  protective  measures, 
including  flame  arresters  and  flame  extinguishing  sys¬ 
tems. 

Unlike  the  earlier  Lockheed  program,  the  vent  was 
tested  in  still  air,  the  rationale  being  that,  if  an  ig- 
nitable  effluent  is  assumed  to  be  at  the  outlet,  attach¬ 
ment  of  the  lightning  arc  to  the  lip  of  the  vent  outlet 
is  the  governing  factor  in  obtaining  ignition.  The  ig- 
nitable  mixture  was  a  1.15  stoichiometric  mixture  of 
propane  and  air. 

Thermocouples  were  installed  along  the  vent  line 
to  determine  the  time  at  which  a  flame  passed  by,  thus 
enabling  calculation  of  flame  front  velocities.  The  lat¬ 
ter  information  was  important  because  operation  of 
an  automatic  extinguishing  system  under  considera¬ 
tion  depended  on  the  elapse  of  sufficient  time  between 
the  initial  sensing  of  a  flame  at  a  vent  outlet  and  the 
activation  of  an  extinguisher  in  the  surge  tank  located 
about  1  m  ( 3.3  ft )  down  the  vent  line. 

The  simulated  lightning  tests  confirmed  that  a 
strike  must  occur  very  close  to  the  vent  outlet  for  ig- 
nition  to  occur. 

Flam*  valocitia*:  Average  flame  velocities  of  up  to 
45  in/s  were  recorded  between  the  vent  outlet  and  the 
surge  tank  when  simulated  lightning  strokes  of  175  kA 
and  1.5  x  10®  ampere*  •  seconds  (A2  ■  s)  were  applied. 
These  tests  simulated  a  severe  return  stroke,  such  as 
might  be  experienced  if  the  vent  outlet  were  located 
in  Zone  IA  or  IB. 

Other  tests  were  performed  with  the  high  current 
directed  to  the  desired  spot  through  a  10  cm  (4  in) 
wide  aluminum  foil  tape  which  exploded  as  the  current 
passed  through  it.  The  resulting  flames  reached  higher 
velocities  (up  to  126  m/s,  413  ft/s),  but  the  exploding 
tape  may  have  caused  the  Iiigher  flame  speeds,  creating 
conditions  mor**  severe  than  occur  during  a  natural 
lightning  strike  attachment,  where  an  arc  alone  is  the 
iguition  source. 

When  lower  amplitude  currents  of  44  kA  and  only 
0.001  x  10*  A2  -s  were  applied,  ignitions  still  occurred. 
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but  the  highest  average  flame  velocity  was  17.4  m/s 
(57.1  ft/s),  which  indicates  that  the  intensity  of  the 
lightning  discharge  is  one  of  the  factors  that  affects 
the  flame  velocity.  The  44  kA  current  was  described  by 
Bolta  as  a  “high-voltage”  discharge  [7.15]  because  it 
was  applied  with  a  Marx-type,  high  voltage  generator. 
The  ignitions  occurred  as  soon  as  the  13  cm  (5.1  in)  or 
30  cm  (11.8  in)  air  gap  between  the  discharge  electrode 
and  vent  outlet  broke  down.  The  current  level  affects 
the  velocity  of  the  flame  front,  but  the  energy  required 
to  cause  the  ignition  occurs  at  the  very  start  of  the 
current. 

Flame  arresters:  Various  flame  arresters  were  tested, 
including  ones  fabricated  from  corrugated  aluminum 
and  stainless  steel,  a  ceramic  material,  and  various 
copper  screens.  None  of  them  was  capable  of  step¬ 
ping  a  flame  ignited  by  a  simulated  stroke  current 
when  installed  near  the  outlet  of  the  vent  line.  Ar¬ 
resters  wound  from  corrugated  stainless  steel  1.27  cm 


(0.5  in)  or  2.54  cm  (1  in)  deep  did  stop  flames  when 
installed  about  1  m  (3  3  ft)  upstream  from  the  vent 
outlet  near  the  surge  tank  as  shown  in  Fig.  7.9  [7.16], 
even  when  the  flames  traveled  in  the  vent  tube  at  an 
average  speed  as  high  as  122  m/s  (400  ft/s),  the  high¬ 
est  measured.  Other  arresters  made  of  screens  and 
ceramics  did  not  stop  flames  ignited  by  the  simulated 
strokes. 

A  flame  suppression  system  developed  by  Fenwal, 
Inc.  [7.17]  for  industrial  applications  was  also  tested 
in  this  program.  This  system  consisted  of  a  fast  act¬ 
ing  sensor  for  detecting  the  presence  of  a  flame  and 
a  set  of  canisters  containing  a  quantity  of  liquid  sup¬ 
pressing  agent  for  release  into  the  surge  tank  by  an 
electric  detonator.  When  the  detector  sensed  the  light 
of  the  flame,  it  sent  a  signal  to  the  detonator,  which 
dispersed  the  extinguishant  into  the  tank  within  a  few 
milliseconds,  before  the  flame  itself  had  reached  the 
tank. 
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Fig.  7.9  Successful  flame  arres.er  installation  in  simulated  vent  tube  of  transport  type 
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This  system  effectively  suppressed  those  flames 
which  traveled  slowly  enough,  30  rn/s  (100  ft/s)  or 
less,  to  give  the  system  time  (18  ms)  to  react,  but  did 
not  stop  flames  which  had  gone  past  the  surge  tank 
by  the  time  the  extinguishant  was  released.  In  the 
latter  case,  the  extinguishant  might  still  have  extin¬ 
guished  the  fire  in  the  surge  tank,  but  the  flame  front, 
on  its  way  through  interconnecting  vent  lines  to  the 
fuel  tanks,  would  have  passed  out  of  the  reach  of  the 
extinguishant. 

The  Atlantic  Research-LTRI  program  also  in¬ 
cluded  an  investigation  of  arc  plasma  propagation  into 
the  vent  line,  which  was  inconclusive  because  of  in¬ 
strumentation  difficulties. 

Effect  of  ice:  The  effect  of  ice  formation  on  the  prefor- 
mance  of  aflame  arrester  was  also  considered  [7.18],  re¬ 
sulting  in  the  conclusion  that  unacceptable  icing  would 
occur  only  when  the  worst  combination  of  atmospheric 
and  flight  conditions  existed.  This  conclusion  was 
based,  on  analysis  only  and  should  be  verified  by  flight 
tests. 

7.3.2  Airflow  Velocity  Effects 

Lightning  attachment  to  the  lip  of  a  vent  outlet 
was  assumed  to  be  possible  in  the  Atlantic  Research- 
LTRI  and  Lockheed  programs  reviewed  in  the  preced¬ 
ing  paragraphs.  No  attempt,  however,  was  made  in  ei¬ 
ther  program  to  establish  whether  or  not  this  phenom¬ 
enon  could  occur  to  an  aircraft  in  flight  or,  if  it  could, 
how  often.  Neither  the  Elkton  B-707  aircraft  [7.14], 
nor  any  other  aircraft  known  to  have  been  struck  by 
lightning,  has  shown  physical  evidence  of  lightning  at¬ 
tachment  directly  to  a  vent  outlet.  The  outlet  in  the 
B-707,  while  located  near  the  wing  tip.  is  not  located 
at  the  very  tip  of  the  wing  where  lightning  attachments 
occur  most  often.  It  is  therefore  improbable  that  flush 
mounted  vents,  such  as  those  on  the  B-  707,  will  receive 
direct  strikes. 

The  question  then  arises  as  to  whether  a  lightning 
flash  could  sweep  across  the  vent  outlet  from  another 
point  and  ignite  the  effluent.  Answers  to  this  question 
were  sought  by  Newman  and  others  who  undertook 
an  experimental  program  [7.19]  during  1966  and  1967. 
Simulated  lightning  strikes  were  delivered  to  a  B-707 
wing  tip  and  vent  assembly  to  learn  more  about  these 
possibilities,  as  well  as  the  degree  to  which  air  flowing 
past  at  realistic  speeds  would  make  ignition  unlikely, 
even  if  an  arc  did  attach  to  the  outlet. 

In  earlier  programs  [7.10,  7.15],  ignitions  were  ob¬ 
tained  neany  100%  of  the  time  when  the  vent  outlets 
were  in  still  air,  but  Newman  found  that  ignition  of 
a  1.5  stoichiometric  propane-air  mixture  by  a  48  kA, 
0.009  x  10®  A2  •  s  direct  strike  occurred  only  once  in  34 


shots  with  a  90  knot  M6  m/s,  150  ft/s)  airflow  over  the 
outlet,  and  not  at  all  during  200  shots  in  a  200  knot 
(100  m/s,  330  ft/s)  airflow.  When  strokes  of  longer 
duration  were  swept  across  the  vent  outlet  by  the  90 
knot  windstream,  the  effluent  was  ignited  11  times  out 
of  15  tests,  but  when  the  airflow  was  increased  to  200 
knots,  only  2  ignitions  occurred  in  46  tests. 

Nearly  all  of  Newman’s  tests  were  performed  un¬ 
der  the  most  vulnerable  effluent  condition,  which  was 
found  to  be  a  1.5  m/s  (5  ft/s)  flow  out  of  the  vent  out¬ 
let  such  as  might  exist  when  an  aircraft  is  climbing. 
Since  more  than  half  of  all  reported  lightning  strikes 
occur  when  the  aircraft  is  either  in  level  flight  or  de¬ 
scending  and  since  most  aircraft  clirnb  at  well  over  90 
knots,  the  probability  of  an  in-flight  ignition  from  a  di¬ 
rect  strike  to  a  vent  outlet  must  be  remote.  Newman’s 
investigation,  however,  showed  that  a  flash  sweeping 
across  the  vent  outlet  might  have  a  greater  chance  (2 
in  46)  of  igniting  an  effluent,  even  under  climb  condi¬ 
tions  at  the  more  realistic  speed  of  250  knots.  This 
result  demonstrates  the  importance  of  locating  vent 
outlets  away  from  both  direct  strike  and  swept  flash 
zones  on  the  aircraft. 

7.3.3  Explosive  Ignitions 

In  the  program  just  described,  Newman  and  his 
colleagues  conducted  a  test  [7.20]  in  which  a  strike  to 
the  vent  outlet  produced  indications  of  unusually  high 
flame  velocities  and  severe  deformation  of  the  vent 
outlet,  indicating  much  higher  pressures  than  normal. 
They  cite  a  similar  case  in  another  program  in  which 
flames  traveling  in  excess  of  300  m/s  (1000  ft/s)  were 
actually  measured.  The  implication  of  these  findings 
is  serious  because  an  arrester  or  surge  tank  protec¬ 
tion  system  capable  of  extinguishing  the  lower  velocity 
flames  may  not  be  able  to  stop  flames  traveling  as  fast 
as  300  m/s. 

Kester’t  study:  Kester  and  others  [7.21]  attempted  to 
reproduce  such  speeds  in  a  14  cm  (5.5  in)  simulated 
vent  tube,  but  did  not  measure  flame  velocities  higher 
than  20  m/s  (65  ft/s)  in  this  system,  even  when  severe, 
180  kA,  1.0  x  10®  A2'S  strokes  were  applied.  These 
velocities  were  comparable  to  those  measured  in  the 
Atlantic  Research-LTRI  program  of  1964. 

Kester  and  his  colleagues  also  reported  one  ex¬ 
plosive  ignition  when  a  stroke  of  195  kA  was  deliv¬ 
ered  to  the  vent  outlet.  It  was  found  that  the  195 
kA  stroke  current  had  induced  a  voltage  in  instru¬ 
ment  wiring  sufficiently  high  to  spark  over  the  insu¬ 
lation  around  several  pressure  probes  inside  the  vent 
line.  The  vent  outlet  and  parts  of  the  surge  tank  were 
badly  deformed,  even  though  they  were  made  of  6.4 
mm  (0.25  in.)  steel.  Again,  much  higher  than  usual 
pressures  were  indicated. 
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The  explosion  in  the  Kester  program  serves  as  a 
warning  that  a  similar  consequence  might  conceivably 
result  from  multiple  ignition  cources  in  an  actual  fuel 
system  unless,  by  means  of  design,  care  is  taken  to 
eliminate  such  situations. 

Gillis’  study:  The  question  of  whether  or  not  these 
explosive  ignitions  could  occur  in  actual  fuel  tank  vent 
systems  was  of  such  importance  that  the  Federal  Avi¬ 
ation  Administration  undertook  yet  another  study  of 
flame  propagation  in  vent  systems.  The  work,  con¬ 
ducted  by  Gillis  [7.22],  expanded  upon  earlier  research 
by  including  the  study  of  flame  behavior  in  the  long 
vent  lines  leading  inboard  from  the  surge  tanks  to  the 
fuel  tanks,  which  comprise  a  typical,  complete,  vent 
system  [7.23j.  Gillis  did  not  use  simulated  lightning 
arcs  for  an  ignition  source  but,  instead,  discharged  100 
J  of  electrical  energy  into  a  spark  plug  at  the  vent  out¬ 
let.  This  is  much  less  energy  than  would  be  released  by 
a  lightning  arc  of  the  same  length.  Nevertheless,  Gillis 
recorded  flames  [7.24]  that  had  accelerated  to  300  m/s 
(1000  ft/s)  far  inboard  when  the  aircraft  was  in  climb 
condition. 

The  total  number  of  authentic  tests  performed  by 
Gillis  was  13,  of  which  11  resulted  in  flame  velocities  of 
150  m/s  (500  ft/s)  or  higher.  The  occurrerce  of  such 
high  speeds  is  perhaps  best  explained  in  Gillis’  own 
words  [7.25]: 

When  an  explosive  gas  is  confined  in  a  chan¬ 
nel  and  ignited,  the  flow  induced  by  the  thermal 
expansion  of  the  gas  in  the  combustion  wave  is  re¬ 
stricted  by  the  channel  wall.  Consequently,  the  flow 
attains  much  higher  velocities  than  under  conditions 
of  free  expansion  in  an  open  flame  and  flame  and  flow 
commonly  augment  each  other  by  a  feedback  mecha¬ 
nism  as  follows:  stream  turbulence,  however  slight  it 
may  be  initially,  produces  a  wrinkling  of  the  combus¬ 
tion  wave  surface;  the  resulting  increase  of  surface 
increases  the  amount  of  gas  burning  per  unit  time, 
namely,  the  flow  of  gas  in  the  channel;  this  in  turn 
produces  more  turbulence  and  hence,  increased  wrin¬ 
kling  of  the  wave,  and  so  on,  so  that  the  progress  of 
the  combustion  wave  becomes  nonsteady  and  self  ac¬ 
celerating.  In  addition,  the  burning  velocity  increases 
as  the  unburned  gas  ahead  of  the  flame  is  preheated 
and  precompressed  by  the  compression  waves  that  are 
generated  by  the  mass  acceleration  in  the  combustion 
wave.  The  compression  wave  is  initially  a  compara¬ 
tively  weak  pressure  wave,  which  is  overtaken  and  re¬ 
inforced  during  its  travel  by  numerous  other  pressure 
waves  originating  in  the  combustion  zone.  The  coa¬ 
lescence  of  these  pressure  waves  into  a  strong  shock 
front  in  a  configuration  which  is  dead-ended  can  re¬ 
sult  in  a  reflection  of  the  shock  wave  back  toward  the 


combustion  zone.  The  effect  of  the  passage  of  this 
reflected  shock  wave  through  the  combustion  wave  is 
similar  to  the  effect  of  a  sudden  release  of  pressure  by 
a  rupture  of  a  diaphragm.  A  rarefaction  wave  prop¬ 
agates  backward  into  the  unbumed  gas  and  a  jet  of 
unburned  gas  develops  which  penetrates  deeply  into 
the  burned  gas.  The  shear  between  burned  and  un¬ 
burned  gas  in  this  flow  configuration  produces  ex¬ 
treme  turbulence  so  that  a  sudden  large  increase  in 
the  burning  rate  occurs. 

In  three  of  the  13  tests  mentioned  above,  local¬ 
ized  pressures  were  developed  of  intensity  sufficient  to 
distort  1  to  1.5  m  (3  to  5  ft)  sections  of  the  rectangu¬ 
lar  vent  duct.  A  subsequent  hydrostatic  pressure  test 
of  a  1  m  (3.3  ft)  section  of  similar  duct  showed  that 
a  pressure  of  approximately  475  psig  was  required  to 
produce  similar  distortion.  This  pressure  exceeds  the 
structural  limitations  of  typical  aircraft  fuel  tank  and 
vent  structures. 

Gillis  concluded  that  the  surge  tank  located  just 
inboard  of  the  vent  outlet  was  a  factor  contributing  to 
the  high  flame  speeds  because,  when  a  flame  reaches  it 
from  the  vent  outlet,  the  pressure  permitted  to  build 
up  in  it  serves  as  a  force  to  drive  flames  rapidly  down 
the  vent  lines  towards  the  fuel  tanks.  This  creates 
turbulence  in  these  ducts  which  further  serves  to  ac¬ 
celerate  flames  down  the  ducts. 

Gillis’  work  is  perhaps  the  best  demonstration  to 
date  that  flames  traveling  at  sonic  velocities  with  dam¬ 
aging  overpressures  can  occur  in  typical  transport  air¬ 
craft  vent  systems.  Since  flame  arresters  or  surge  tank 
protection  systems  reliably  capable  of  stopping  such 
flames  are  not  yet  available,  the  importance  of  pre¬ 
venting  any  source  of  ignition  within  or  near  the  vent 
system  is  very  clear. 

7.3.4  Summary  and  Recommendations 

Table  7.1  summarizes  the  ignition  and  flame  ve¬ 
locity  results  for  each  of  the  research  programs  just 
discussed.  While  not  all  of  the  answers  to  lightning- 
related  vent  flame  questions  are  in  hand,  a  number  of 
important  conclusions  and  protection  considerations 
can  be  drawn  from  the  research. 

1.  Although  there  has  been  no  positive  evidence  that 
a  lightning  strike  has  ever  ignited  a  vent  effluent 
on  a  transport  type  aircraft,  there  have  been  sev¬ 
eral  in-flight  explosions  which  occurred  following 
strike  attachments  within  a  meter  or  so  of  vent 
outlets.  This  suggests,  though  it  does  not  prove, 
that  ignition  of  vent  effluent  has  been  the  cause 
of  some  accidents. 

2.  For  ignition  to  occur,  a  lightning  type  arc  must 
attach  directly  to,  or  within  a  few  centimeters  of, 
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the  edge  of  a  vent  outlet.  Ignition  may  also  oc¬ 
cur  from  a  flash  which  has  swept  back  over  a  vent 
outlet  from  an  initial  attachment  point  elsewhere 
on  the  aircraft.  This  would  indicate  that  it  is 
desirable  to  locate  vent  outlets  in  areas  not  sub¬ 
ject  to  direct  or  swept  flash  attachments.  Guid¬ 
ance  in  locating  direct  attachment  and  swept  flash 
zones  has  been  provided  in  FAA  Advisory  Circu¬ 
lar  AC-2053  [7.26]  and  its  companion  User’s  Man¬ 
ual  [7.27].  Care  must  be  taken  when  using  this 
information  since  many  of  today’s  aircraft  are  of 
unusual  geometries  for  which  zone  locations  and 
boundaries  are  not  easily  defined.  Further  guide¬ 
lines  on  location  of  zones  is  given  in  Chapter  5. 

3.  Flame  arresters  of  the  corrugated  steel  type  shown 
in  Fig.  7.9  have  been  the  most  effective  in  stop¬ 
ping  flames.  Flame  arrester  performance  is  most 
satisfactory  when  the  arrestor  is  located  some  dis¬ 
tance  away  from  the  vent  outlet  so  that  blast 
forces  from  the  lightning  arc  will  not  propel  flames 
through  the  arrester.  The  most  successful  loca¬ 
tion  seems  to  be  at  the  surge  tank  end  of  the  vent 
outlet  tube,  as  shown  in  Fig.  7.9.  An  arrester  at 
this  location  will  certainly  reduce  the  possibility  of 
flames  entering  the  surge  tank,  although  there  is 
no  assurance  that  the  arrester  will  stop  all  flames 
at  this  location. 


An  arrester  located  anywhere  in  the  vent  sys¬ 
tem  is  subject  to  having  its  passages  becoming 
blocked  by  ice.  This  possibility  should  be  evalu¬ 
ated,  preferably  by  in-flight  tests  under  the  ex¬ 
pected  environmental  conditions.  Electrical  de¬ 
icing  devices  may  have  to  be  added  to  the  vent 
system  if  icing  is  possible. 

4.  Surge  tank  protection  systems,  which  are  designed 
to  sense  flames  originating  at  vent  outlets  and  ex¬ 
tinguish  them  before  they  reach  fuel  tanks,  are 
available  and  should  be  considered  if  a  vent  out¬ 
let  must  be  located  in  or  adjacent  to  a  Zone  1  or 
2  area.  Since  the  elapsed  time  between  sensing 
of  the  flame  and  dispersion  of  the  extinguishant 
is  several  milliseconds,  there  is  a  possibility  that 
flames  traveling  at  sonic  velocities  will  outrace  the 
system  .  Thus,  while  an  extingishing  system  will 
unquestionably  improve  overall  safety,  it  must  not 
be  relied  upon  to  provide  absolute  protection  of 
the  vent  tubes. 

5.  Ninety-degree  bends  in  the  vent  lines  should  be 
avoided  because  they  expand  the  turbulence  and 
surface  area  associated  with  propagating  flames 
and  thereby  increase  the  velocity  of  propagation. 
Instead,  straight  or  smoothly  curved  ducts  should 
be  used  because  they  minimize  the  possibility  of 
explosive  flame  propagation. 


Table  7.1 

Summary  of  Results  of  Simulated  Lightning 
Strike  Tests  of  Fuel  Vent  Systems 


PrOfTM 

Amplitude 

Aa) 

Action  Intacta] 
do*  A’s) 

Alntnam 
Velocity  (lmou) 

Attdumt 

Foist 

Riaulta 

1961  Lockheed-CTRI 

100 

0.069 

too 

(50  m/s) 

Lip  of  mat 
outlet 

100%  Ignition]  and  flanm  prop*, 
laitnf  with  and  without  flame 
arrester  Installed  at  mnt  outlet. 

1964  Atlantic  Rtiaerch-LTRl 
(Bolta.it  al) 

173 

1J 

0 

Up  of  vest 
outlet 

100%  ignitions  and  flame  propa¬ 
gating  up  to  45  m/s,  and  at  126 
mlt  when  ignited  by  an  explod¬ 
ing  'oil.  Fume  airatar  stopped 
these  flames  when  Installed  1  m 
upstream  from  outlet. 

1964  Atlantic  Rasaardt-LTRI 
(BolU.lt  al) 

44 

0.001 

0 

Up  of  mot 
outlet 

100%  Iputions  and  Rarest  props* 
Sating  up  to  17.4  m/s  (no 
arrester  )L 

1966  LTRi 
(Neuman,  at  al) 

46 

0.009 

90 

(46  m/s) 

Up  of  mat 
outlet 

1  ignition  and  flame  propagation 
out  of  34  direct  strokes  to  mnt 
outlet  (no  arrester). 

1966  LTRI 
(Newman,  at  al) 

46 

0409 

200 

(100  m/s) 

Up  of  mot 
outlet 

0  ignitions  out  of  200  direct 
strokes  to  mnt  outlet. 

1966  LTRi 
(Newman,  it  al) 

56 

0.17} 

90 

(45  m/s) 

Swept 

accea  outlet 

1 1  Ignitions  out  of  15  swept 
strokes  across  the  mat  outlet. 

1966  LTRI 
(Ntwreaa,  at  al) 

36 

0.172 

200 

(lOOm/t) 

Swept 

■ccew  outlet 

2  Ignitions  out  of  46  swept 
strokes  across  vent  outlet. 

1966  LTRI 

(Newman,  <t|D 

56 

0.172 

230 

(130  m/i) 

Swept 

aecaat  outlet 

No  Ignitions  out  of  2  smpt 
strokes  across  mat  outlet 

1966  Dynamic  SdsnceCE 
(Roster,  at  al) 

193 

14 

0 

Up  of  mot 
outlet 

100%  Ignitions  and  (lamas  props* 
gating  utp  to  20  tn/s. 

1969  Fenwal 
(Ollis) 

100  J  spark 

0 

Up  of  mnt 
outlet 

11  Ignitions  and  flame  mlodtles 
omr  150  m/s  la.  13  authentic 
tests.  Several  at  sonic  velocity 
(300  m/s). 

Strokes  to  lip  vent  outlets  only.  No  ignitions  were  obtained  from  strokes  away  from  vent  outlet. 
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6.  Location  of  the  fuel  vent  outlet  in  an  ascertained 
Zone  3  area  will  provide  the  highest  degree  of  pro¬ 
tection  of  any  of  the  methods  described  above.  A 
recessed  or  flush  outlet  is  highly  preferred  over  a 
protruding  tube  outlet,  because  the  latter  could 
become  a  source  of  corona  or  strenmering  which 
might  result  in  an  attachment  when  the  aircraft 
is  flying  in  a  strong  electric  field. 

Flame  arresters  are  utilized  for  other  purposes  be¬ 
sides  lightning  protection.  One  potential  hazard  that 
results  from  installation  of  flame  arresters  is  arcing  at 
the  flexible  vent  tube  couplings  at  either  side  of  the 
arrester,  due  to  lightning  currents  in  the  tube,  as  ar¬ 
resters  are  often  in  locations  where  they  would  share 
substantial  amounts  of  lighting  current  with  surround¬ 
ing  structure.  Thus,  proposed  installation  designs 
should  be  verified  by  test  as  free  of  ignition  sources. 
Suitable  test  methods  are  described  in  §7.14.3. 

7.4  Fuel  Jettison  and  Drain  Pipes 

On  some  aircraft,  provisions  exist  for  dumping  or 
jettisoning  fuel  overboard,  often  through  a  pipe  ex¬ 
tending  into  the  airstream  from  a  fuel  tank,  as  shown 
in  Fig.  7.10.  A  normally  closed  and  electrically  oper¬ 
ated  valve  is  installed  in  the  pipe,  so  that  it  is  unlikely 
a  flame  could  travel  past  this  valve  into  the  fuel  tank. 
Even  if  the  pipe,  which  is  filled  with  fuel,  were  struck 
by  lightning  while  jettisoning  fuel,  it  is  imlikelv  that 
flames  could  propagate  through  the  pipe  into  the  tank. 

A  more  likely  hazard,  if  not  prevented  by  design, 
is  electrical  arcs  caused  by  lightning  currents  cross¬ 
ing  a  poor  electrical  bond  between  the  pipe  and  the 
fuel  tank  wall,  or  at  fasteners  through  bulkhead  fit¬ 
tings,  since  the  wall  is  frequently  coated  with  electri¬ 
cally  insulating,  corrosion  resistant  paints  or  finishes. 
Electrical  bonding  jumpers  installed  across  such  joints 
may  be  adequate  to  equalize  static  charge  differentials 
which  sometimes  occur  in  fuel  systems,  hut  these  usu¬ 


ally  have  too  much  inductance  to  prevent  some  light¬ 
ning  current  from  breaking  down  insulation  and  arcing 
or  sparking  at  the  interface  between  the  pipe  and  tank 

wall. 

The  best  way  to  avoid  problems  with  bonding 
jumpers  is  not  to  rely  on  them,  but  instead  to  make 
the  shortest  physical  path  be  the  one  to  carry  the  cur¬ 
rent,  as  shown  in  Fig.  7.11.  This  may  be  done  by 
making  the  faying  surfaces  of  clean,  uncoated  metal 
and/or  by  providing  bare  metal-to-metal  contact  via 
the  rivets  or  bolts,  and  by  covering  exposed  interfaces 
with  a  tough  resilient  fuel  tank  sealant  to  contain  arc 
products  that  may  occur.  Guidelines  for  the  use  of  fuel 
tank  sealant  are  found  in  §7.6.3  and  §7.10.3. 

If  there  is  doubt  about  the  adequacy  of  a  partic¬ 
ular  electrical  bond,  the  bond  should  be  tested  with 
simulated  lightning  currents  to  assure  that  sparking 
does  not  occur  at  the  interface.  The  test  currents  and 
test  practices  should  be  those  recommended  in  [7.26 
and  7.28]  for  the  particular  lightning  strike  zone  in 
which  the  jettison  or  drain  pipe  is  located. 


Fig.  7.11  Bonding  of  fuel  dump  pipes  to  fuel  tanks. 

(a)  Bond  strap 

(b)  Metal-metal  contact 

(c)  Insulating  link 
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Another  solution  to  this  problem  is  to  break  the 
current  path  to  the  fuel  tank  by  inserting  an  electri¬ 
cally  non-conductive  section  of  tubing  between  points 
(a)  and  (b)  in  Fig.  7.10.  This  would  force  all  of  the 
current  to  exit  at  point  (a)  and  thus  eliminate  the  pos¬ 
sibility  of  sparking  at  the  fuel  tank  skin  interface. 

As  an  alternative,  the  whole  fuel  jettison  pipe 
could  be  fabricated  of  a  electrically  non-conductive 
material  which  would  eliminate  it  as  a  lightning  at¬ 
tachment  point  altogether.  Of  course,  other  require¬ 
ments  such  as  non-flammability,  crash-worthiness  and 
durability  must  be  satisfied  by  those  non-conductive 
materials. 

7.5  Burn  Through  and  Hot  Spots  in  Fuel 
Tank  Skins 

Integral  tank  skins  are  those  in  which  fuel  is  in 
direct  contact  with  the  outside  skin  of  the  aircraft. 
Tanks  of  this  type  are  commonly  found  in  the  wings 
of  transport  and  some  general  aviation  aircraft,  and 
in  the  wings  and  fuselages  of  modern  fighter  aircraft. 
External  fuel  tanks  of  the  type  carried  on  pylons  or 
wing  tips  are  also  of  the  integral  type. 

If  integral  tank  skins  are  located  in  direct  or  swept 
lightning  attachment  zones,  measures  must  be  taken  to 
ensure  that  a  lightning  flash  does  not  melt  through  the 
skin  or  get  the  inside  surface  hot  enough  to  ignite  the 
fuel.  Factors  that  must  be  taken  into  account  include 
the  type  and  thickness  of  the  metal  skin  and  how  long 
a  lightning  flash  might  dwell  at  a  particular  spot. 

For  the  aluminum  skins  in  common  use,  a  light¬ 
ning  arc  will  melt  through  the  skin  before  getting  the 
inside  surface  hot  enough  to  ignite  the  fuel  vapor. 
The  melting  temperature  of  aluminum  (w  500°C),  is 
lower  than  the  ignition  temperature  of  most  hydro¬ 
carbon  fuel  vapors.  Experiments  by  Crouch  [7.29), 
using  propane,  pentane,  and  JP-4  fuels,  showed  that 
ignitions  would  not  occur  until  the  skin  temperature 
reached  900“C.  Thus,  fuels  within  an  aluminum  in¬ 
tegral  tank  would  not  be  ignited  unless  a  hole  were 
burned  completely  through  the  skin  and  the  fuel  va¬ 
por  exposed  to  the  extremely  high  temperature  of  the 
lightning  arc,  upwards  of  30  000°C. 

On  the  other  hand,  the  melting  temperature  of  ti¬ 
tanium  is  1700*C  and  that  of  stainless  steel  is  1400°C. 
Both  of  these  are  higher  than  the  fuel  ignition  temper¬ 
ature.  While  such  a  skin  is  more  resistant  to  lightning 
melt  through,  it  does  not  need  to  be  melted  completely 
through  for  ignition  to  occur. 

The  amount  of  lightning  current  required  to  erode 
or  melt  holes  in  metal  aircraft  skins  has  long  been  of 
interest,  first,  for  the  purpose  of  estimating  how  much 
lightning  current  actually  was  involved  in  the  damage 
sustained  by  aircraft  in  flight,  and  second,  for  deter¬ 


mining  the  minimum  skin  thickness  required  to  pre¬ 
vent  melt-through  of  an  integral  fuel  tank  skin. 

7.5.1  Review  of  Basic  Studies 

Research  on  the  size  of  holes  that  might  be  burned 
through  metal  skins  of  various  thickness  was  previ¬ 
ously  discussed  in  Chapter  6.  Knowing  the  size  of 
holes  that  might  be  burned  is  important  when  consid¬ 
ering  protection  of  structures,  but  in  relation  to  fuel, 
it  more  important  to  know  the  minimum  amount  of 
charge  that  can  ignite  the  fuel,  which  for  aluminum 
structures  means  knowing  the  amount  of  charge  nec¬ 
essary  to  bum  even  the  smallest  hole  in  the  tank. 

Ignition  thresholds  of  aluminum  skins:  The  amount 
of  charge  and  current  required  to  melt  through  alu¬ 
minum  and  titanium  skins  of  various  thicknesses  caus¬ 
ing  fuel  ignition  was  reported  by  Brick  in  1968  [7.30] 
and  by  Oh  and  Schneider  in  1972  [7.31]  to  depend 
heavily  on  current  amplitude  as  well  as  charge.  While 
earlier  work  had  shown  that  over  22  C,  when  delivered 
by  a  current  of  200  A,  were  necessary  to  burn  through 
2.06  mm  (0.080  in)  aluminum  skins,  the  work  of  Brick, 
Oh,  and  Schneider  showed  that  only  about  10  C,  when 
delivered  by  about  500  A,  was  enough  to  melt  com¬ 
pletely  through  the  same  thickness  of  aluminum  skin. 
In  their  laboratory  tests  as  little  as  2  C,  when  deliv¬ 
ered  by  about  130  A,  melted  a  hole  completely  through 
1.02  mm  (0.040  in)  of  aluminum. 

Oh  and  Schneider’s  melt-through  thresholds  for 
these  and  other  skin  thicknesses  are  shown  in  Fig.  7.12 
[7.32],  The  close  proximity  of  their  test  electrode  to  the 
skins,  2.4  to  4.8  mm  (0.1  to  0.2  in),  may  have  restricted 
natural  movement  of  the  arc  on  the  surface  of  the  skin 
and  caused  all  of  the  charge  to  enter  the  same  spot, 
thus  causing  low  coulomb  ignition  thresholds. 

Work  by  Kester,  Gerstein,  and  Plumer  [7.36]  with 
an  L-shaped  electrode  spaced  6.4  mm  (0.25  in)  above 
the  skin,  permitted  greater  arc  movement,  and  showed 
that  20  C  or  more,  when  delivered  at  130  A,  are  re¬ 
quired  to  melt  through  a  1.02  mm  (0.040  in)  aluminum 
skin.  However,  magnetic  fields  generated  by  currents 
parallel  to  the  skin  might  have  forced  movement  of 
the  arc,  Since  a  natural  lightning  arc  is  neither  re¬ 
stricted  nor  forced  by  an  electrode,  it  is  probable  that 
the  true  aluminum  meltthrough  threshold  is  between 
the  two  limits,  at  least  for  uiuvaiuted  surfaces.  On  the 
other  hand,  the  electrical  insulating  properties  of  most 
paints  tend  to  make  the  arc  remain  at  one  point  and 
so  would  concentrate  the  heating  effects  on  a  smaller 
volume  of  metal,  decreasing  the  amount  of  thermal 
energy  required  to  melt  completely  through. 


182 


0.0001  0.001  0.01  0.1  1  10 
TIME  TO  FUEL  IGNITION  THRESHOLD  -  Second* 


Fig.  7.12  Coulomb  meltthrough  and  ignition  threshold  for  aluminum  skins  (2024  T3). 


Pressure  effects:  All  the  data  reported  on  melt- 
through  of  fuel  tank  skins  has  been  taken  on  test  pan¬ 
els  in  ambient  conditions,  that  is,  equal  pressure  on 
both  sides  of  the  panels.  Many  aircraft  fuel  systems 
maintain  some  air  pressure  in  the  tanks.  Fighter  air¬ 
craft  use  pumps  to  supply  pressure  which  is  used  to 
force  fuel  flow  under  extreme  atitudes  and  manuvers. 
Most  other  aircraft  fuel  vent  systems  use  ram  air  vent 
systems  which  provide  some  level  pressure  on  the  tank. 

Pressure  inside  the  tank  on  which  burn-through 
tests  are  being  made  makes  a  big  difference  in  the  level 
at  which  a  hole  appears.  A  lightning  arc  may  heat  the 
surface  to  a  point  where  metal  is  nearly  molten,  but  if 
there  is  no  pressure,  the  surface  tension  prevents  the 
molten  metal  from  flowing  away  and  leaving  a  hole. 
A  very  modest  amount  of  pressure,  however,  suffices 
to  push  the  molten  metal  away  and  leave  a  hole.  Re¬ 
cent  tests,  not  yet  released  for  publication,  showed  that 
with  a  gauge  pressure  of  34.5  kPa  (5  psig)  holes  could 
be  burned  in  a  2.3  mm  (0.090  in)  aluminum  skin  by  a 
23  C  discharge.  With  no  pressure,  66  C  was  required 
to  produce  a  hole. 

This  problem  has  not  yet  been  addressed  in  the 
requirements  for  testing  fuel  systems,  and  was  not  con¬ 
sidered  in  the  data  presented  above.  This  phenomenon 
remains  to  be  investigated  more  thoroughly.  It  is  not 
a  factor  that  was  considered  in  previous  tests  to  deter¬ 
mine  burn-through  thresholds. 

Ignition  thresholds  of  titanium  skins:  Oh  and  Schnei¬ 
der  have  similarly  determined  the  coulomb  ignition 
thresholds  for  titanium  skin  materials  of  various  thick¬ 
nesses,  as  shown  in  Fig.  7.13  (7.34).  They  and  other  re¬ 
searchers  have  confirmed  that,  since  the  melting  point 


of  titanium  is  higher  than  the  fuel  ignition  tempera¬ 
ture,  it  is  not  necessary  for  a  hole  to  be  melted  com¬ 
pletely  through  for  ignition  to  occur,  but  only  that  a 
hot  spot  be  formed  on  the  inside  surface.  The  lower 
thermal  conductivity  of  titanium  prevents  rapid  heat 
transfer  away  from  the  arc  attachment  point  and  ac¬ 
counts  for  the  generally  lower  coulomb  ignition  thresh¬ 
olds  than  those  for  aluminum. 

Ignition  thresholds  for  CFC  skins:  There  are  several 
mechanisms  which  may  result  in  ignitions  of  fuel  va¬ 
por  beneath  carbon  fiber  composite  (CFC)  skins.  One 
of  these,  discussed  in  Chapter  6,  is  the  punch  through 
caused  by  ohmic  heating  of  the  CFC  fibers  resulting 
in  pyrolosis  of  the  resin,  and  the  shock  wave  accompa¬ 
nying  high  peak  currents,  such  as  SAE  Components  A 
and  D.  These  effects  can  punch  comparatively  large 
holes  in  CFC  skins,  producing  large  areas  of  contact 
between  fuel  vapors  and  the  hot  lightning  arc.  The 
other  mechanisms  include  hot  spot  formation  and  fiber 
breakage. 

There  have  been  fewer  temperature  measurements 
made  on  interior  CFC  skins  than  on  aluminum.  An¬ 
alytical  studies  by  Lee  and  Su  are  described  in  (7.35). 
Tests  conducted  by  Schulte  (7.36)  on  0.125  inch  thick 
aluminum  and  CFC  panels  showed  that  for  the  same 
applied  test,  temperatures  of  100  to  150°C  were  reached 
on  the  interior  surfaces  of  CFC  panels  while  aluminum 
panels  of  the  same  thickness  reached  teperatures  of 
160  to  200’ C.  Panels  of  0.25  inch  thickness  reached 
temperatures  of  70  and  80#C  respectivily.  The  major 
difference  was  noted  in  the  time  to  reach  peak  tem¬ 
perature,  The  CFC  panels  responded  100  times  slower 
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than  the  aluminum,  taking  seconds  to  reach  peak  tem¬ 
perature.  Aluminum  panels  reached  their  peak  tem¬ 
peratures  in  tens  of  milliseconds.  A  summary  of  the 
data  is  shown  in  Fig.  7.14  which  relates  the  tempera¬ 
tures  and  the  times  for  a  given  test  applied. 

Wahlgren  [7.37]  also  investigated  hot  spot  tem¬ 
peratures,  but  the  temperatures  obtained  seemed  to 
exceed  those  needed  for  pyrolosis  and  so  may  be  sus¬ 
pect.  Possibly  there  was  only  an  error  in  translation 
of  the  paper. 


The  panels  tested  by  Schulte  [7.36]  were  compar¬ 
atively  thick,  as  might  be  found  on  inboard  sections  of 
transport  or  fighter  type  aircraft  wings,  and  the  tests 
used  a  Zone  2 A  environment,  not  the  more  damag¬ 
ing  Zone  1A  environment.  This  latter  environment 
includes  Component  A,  which  has  an  action  integral 
eight  times  greater  than  that  of  Component  D  found  in 
Zone  2A.  Thus,  hot  spot  temperatures  for  CFC  skins 
in  Zone  1A  might  be  higher  than  those  recorded  by 
Schulte. 
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Fig.  7.13  Coulomb  hot  spot  and  ignition  thresholds  for  titanium  skins  (GAL4V). 
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Fig.  7.14  Hot  spot  temperature  versus  time. 
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Hot  spot  data  for  thinner  CFC  skins  has  been 
obtained  by  Olsen  et  al  [7.37]  under  a  variety  of  condi¬ 
tions.  They  did  not  record  inner  surface  hot  spot  tem¬ 
peratures,  but  instead  recorded  whether  fuel  vapor  was 
ignited  or  not.  A  summary  of  their  results,  for  CFC 
skins  1.0  mm  (0.040  in)  and  1.14  mm  (0.045  in)  thick 
is  presented  in  Table  7.2.  The  authors  noted  that  the 
ignitions  may  not  have  been  been  caused  by  hot  spots 
per  se,  but  by  glowing  hot  fibers  of  graphite,  either 
loose  in  the  system  or  released  by  pyrolyzed  resin. 

The  Olsen  data  show  that  paint  aggravates  light¬ 
ning  effects,  allowing  ignitions  to  occur  following  lower 
amounts  of  charge  transfer.  This  is  due  to  the  current 
concentrating  and  blanketing  effects  of  the  paint.  The 
Olsen  data  show  that  painted  CFC  skins  can  tolerate 
larger  amounts  of  charge  transfer  by  a  factor  of  2  or 
more  than  can  alumninum  skins  of  the  same  thickness. 
The  data  applies  for  Zone  2B,  where  the  stroke  cur¬ 
rent  is  Component  D.  Tests  at  Zone  2A  levels  did  not 
result  in  any  ignitions.  In  Zone  2  the  causative  factor 
is  continuing  current  charge  transfer.  In  Zone  1  the 
important  factor  will  undoubtedly  be  the  action  inte¬ 
gral  of  Component  A.  Tests  on  skins  of  this  thickness 
using  Component  A  usually  result  in  a  blast  punch 
through  and  exposure  of  the  combustible  vapors  to 
the  arc  plasma  which  results  in  an  ignition.  Unfortu¬ 
nately,  very  little  test  data  employing  this  environment 
are  available  in  the  literature. 

Designers  thus  need  to  know  the  lightning  strike 
zones  within  which  protective  skins  fall  and  the  possi¬ 
ble  lightning  arc  dwell  times,  in  order  to  assess  the  pos¬ 
sibilities  of  fuel  vapor  ignition.  For  example,  a  dweil 
time  not  exceeding  5  ms,  expected  on  most  unpainted 
or  thinly  painted  skins,  would  allow  only  10  coulombs 
of  charge  to  enter  the  skin,  with  no  possibility  of  fuel 
vapor  ignition  beneath  aluminum  skins  at  least  1  mm 
(0.040  in)  thick.  However,  a  thick  coat  of  paint,  or 


combination  of  surface  smoother  and  paint,  would  re¬ 
sult  in  dwell  times  of  up  to  20  ms,  and  corresponding 
charge  transfers  of  16  coulombs,  which  approaches  the 
ignition  threshold  of  22  coulombs  reported  in  [7.31]. 
In  such  cases,  candidate  skin  and  surface  finish  com¬ 
binations  should  be  tested  to  verify  that  there  is  no 
possibility  of  igniting  fuel  vapor. 

The  Olsen  tests,  and  most  other  test  programs, 
were  conducted  at  room  temperature.  The  Schulte 
data  showed  that  the  airstream  had  a  significant  cool¬ 
ing  effect  on  aluminum  but  a  much  smaller  effect  on 
CFC.  Since  the  amount  of  cooling  will  vary  widely  with 
air  temperatures  existing  from  near  sea  level  to  flight 
altitudes,  it  is  probably  not  possible  to  rely  upon  addi¬ 
tional  safety  factors  or  design  margins  from  this  source. 
Ignition  and  hot  spot  data  at  room  ambient  conditions, 
20°C  (68°F)  should  be  utilized  for  design  purposes. 

Dwell  times:  The  data  presented  in  the  two  proceed¬ 
ing  sections  can  be  used  to  determine  the  possibility 
of  melt-  through  of  metal  skins  or  of  hot  spot  forma¬ 
tion  of  metal  or  CFC  skins  sufficient  to  cause  ignition 
if  the  amplitude  of  the  current  in  an  attachment  point 
and  the  amount  of  time  a  lightning  arc  dwells  at  that 
point,  the  dwell  time,  are  known.  The  mechanism  of 
swept  strokes  was  discussed  in  §3.5  and  illustrated  in 
Fig.  7.15.  A  knowledge  of  dwell  times  in  swept  flash 
zones  is  of  great  importance  because  integral  fuel  tank 
skins  are  often  found  in  these  zones. 

Early  regulatory  documents,  such  as  FAA  Advi¬ 
sory  Circular  AC  20-53  [7.38],  had  specified  that  alu¬ 
minum  skins  in  lightning  strike  zones  should  be  at  least 
2.0  mm  (0.080  in.)  thick  to  withstand  melt-through. 
Initially,  structural  design  demands  also  made  it  nec¬ 
essary  to  use  skins  at  least  2.0  mm  thick,  and  the 
lightning  protection  requirement  presented  no  design 
penalties. 
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Zona  2B  Test  Results  for  Ignition  Thresholds 
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In  recent  designs,  thinner  skins  can  meet  the 
structural  requirements  and  will  permit  a  saving  in 
weight  and  cost  if  the  lightning  protection  requirement 
can  be  met  with  less  than  a  2.0  mm  thick  skin.  To 
determine  the  actual  skin  thickness  required  to  resist 
melt-through  or  hot  spot  formation,  it  is  necessary  to 
know  the  maximum  possible  dwell  time  for  intended 
skin  surface  treatment.  Dwell  time  information  ha3 
been  obtained  from  laboratory  tests  simulating  the 
“sweeping”  of  the  lightning  flash  channel  over  typical 
surfaces,  and  from  study  of  natural  lightning  strikes  to 
aircraft. 

Brick,  Oh  and  Schneidsr’s  work:  Brick,  Oh,  and 
Schneider  [7.39]  studied  dwell  times  of  400  A  decaying 
arcs  blown  by  the  exhaust  from  a  wind  tunnel  over  alu¬ 
minum  and  titanium  skin  panels  with  several  surface 
treatments  to  see  how  long  such  an  electrical  arc  might 
actually  dwell  at  one  point  before  reattaching  to  the 
next.  Wind  speeds  of  67  m/s  (150  mph)  and  112  m/s 
(250  mph),  representing  approach  speeds  for  typical 
aircraft,  were  utilized.  The  test  current  was  represen¬ 
tative  of  the  continuing  current  portion  of  the  light¬ 
ning  flash  and  delivered  an  average  charge  of  about 
0.2  coulombs  per  millisecond  of  dwell  time. 

The  researchers  reported  that  the  arcs  dwelled  for 
2  ms  or  less  on  uncoated  surfaces  of  both  metals,  and 
for  4.8  ms  on  an  anodized  aluminum  surface.  These 
dwell  times  are  within  the  time  period  of  current  Com¬ 
ponent  B,  5  ms.  The  2  ms  dwell  time  would  therefore 
have  allowed  a  charge  of  4  coulombs  to  enter  a  single 
spot,  whereas  the  4.8  ms  dwell  would  have  permitted 
nearly  the  entire  charge  of  10  coulombs  of  Component 
B  to  enter  the  spot.  Of  course,  ihe  actual  charge  en¬ 
tering  the  attachment  point  will  be  determined  by  the 
level  of  lightning  current  in  the  flash  at  that  time.  In 
testing,  the  current  components  are  usually  applied  in 
order  of  their  magnitude,  the  highest  first  followed  by 
successively  lower  levels.  In  naturt,  the  components 
can  come  in  any  order.  To  ensure  that  the  worst  case 
has  been  applied,  various  types  of  lightning  current 
must  be  evaluated. 

After  dwelling  at  one  point,  the  arc  will  reattach 
at  a  point  farther  aft  on  the  aircraft  as  shown  in  Fig. 
7.15.  During  the  dwell  times,  the  aircraft  would  be 
moving,  and  the  distance  covered  would  be: 

D  =  vtd  (7.1) 

where 

D  =  distance  arc  is  drawn  along  surface  (m) 
v  =  aircraft  velocity  (m/s) 
td  =  dwell  time  (s) 

Thus,  at  velocities  of  67  and  112  m/s,  and  with 


the  dwell  times  of  2.0  and  4.8  ms  reported  by  Brick, 
spacings  between  successive  dwell  points  would  be  as 
given  in  Table  7.3. 
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Fig.  7.15  Basic  mechanism  of  swept-stroke 
reattachment. 


Table  7.3 

Typical  Lightning  Flash  Dwell  Times 
Skin  Material  Surface  Finith  Dwell  Time 

Aluminum  Unpainted  <  2  ms 

Aluminum  Anodized  <  5  ms 

Aluminum  Painted  <  20  ms 

CFC  Same  as  metal  skins 

Actual  dwell  time  for  paint  depends 
on  paint  thickness 

As  a  lightning  flash  sweeps  across  a  surface,  the 
points  at  which  the  lightning  arc  remains  attached  are 
marked  by  bum  spots.  Spacings  between  bum  spots 
are  often  found  to  be  of  the  the  order  given  in  Table 
7.4  and  thus  the  dwell  times  predicted  by  the  Brick 
tests  are  realistic. 

The  later  work  of  Oh  and  Schneider  [7  31]  basi¬ 
cally  confirms  these  results  for  uniform  airflow  con¬ 
ditions,  but  shows  that  conditions  which  cause  the 
airstream  to  leave  the  surface  may  force  the  arc 
to  dwell  longer  at  the  last  attachment  point  be¬ 
fore  the  airflow  is  diverted.  Oh  and  Schneider  also 
demonstrated  that  higher  aircraft  velocities  resulted 
in  shorter  arc  dwell  times,  since  the  arc  is  stretched 
greater  distances,  allowing  sufficient  voltage  to  build 
up  along  its  length  to  break  down  the  insulation  at  its 
heel  at  an  earlier  time. 

Validity  of  wind  tunnel  tests:  The  validity  of  the 
wind  tunnel  technique  for  simulating  swept  flash  at¬ 
tachments  along  metal  surfaces  has  been  questioned 
because  the  airstream  used  to  blow  the  arc  along  the 


surface  of  the  test  object  must,  of  necessity,  move 
faster  than  the  arc.  Air  speed  is  thus  not  a  perfect 
indicator  of  how  fast  the  arc  moves.  In  addition,  there 
will  be  cooling  of  the  arc  by  the  faster  moving  air. 
This,  perhaps,  allows  the  arc  voltage  to  rise  at  a  faster 
rate  than  would  occur  normally,  and  so  might  create 
a  new  attachment  point  sooner  than  had  cooling  not 
occurred.  Also,  the  behavior  of  the  upper  terminus  of 
the  arc  as  it  moves  along  the  electrode  probably  has 
some  effect  on  the  behavior  of  its  lower  terminus  at 
the  test  object. 

A  more  realistic  simulation  would  undoubtedly  re¬ 
sult  if  the  test  object,  like  an  aircraft  in  flight,  could 
be  moved  through  a  stationary  arc.  Plumer  [7.41]  at¬ 
tempted  this  by  moving  a  wing  tip  fuel  tank  beneath 
a  high-voltage  electrode  at  a  velocity  of  15.5  m/s  (35 
mph),  the  fastest  speed  that  could  safely  maintained 
in  the  test  area.  A  flash  was  triggered  when  the  ap¬ 
proaching  tank,  carried  atop  a  truck,  sufficiently  closed 
the  airgap  between  the  electrode  and  the  ground. 

Limitations  of  this  technique  were  the  low  velocity 
and  the  low  (4  ampere)  test  current  amplitude.  Sub¬ 
sequent  in-flight  lightning  strikes  to  two  fuel  tanks  of 
this  type  have  confirmed  the  occurrence  of  the  pre¬ 
dicted  attachment  points  and  breakdown  paths. 

Despite  the  lower  velocity  and  lower  current  am¬ 
plitude,  the  arcs  in  Plumer’s  tests  also  dwelled  fear 
times  of  between  1  and  4  ms  on  unpainted  aluminum 
surfaces,  results  clocely  parallel  to  those  of  the  wind 
tunnel  work.  These  parallel  conclusions  seem  to  indi¬ 
cate  that  the  arcs  in  the  wind  tunnel  tests  may  not 
have  moved  as  fast  as  the  wind  itself,  and,  also,  that 
current  amplitude  has  relatively  little  to  do  with  dwell 
time. 

Effects  of  coatings:  Robb,  Stahmann,  and  Newman 
[7.42]  have  utilized  the  wind  tunnel  technique  to  de¬ 
termine  arc  dwell  times  on  various  painted  or  coated 

Table  7.4 


surfaces.  Most  of  these  coatings  were  electrically  insu¬ 
lating  and  thus  required  that  the  arc  be  further  length¬ 
ened  to  allow  the  greater  voltage  buildup  necessary  to 
puncture  the  insulation  and  form  the  next  attachment 
point.  Dwell  times  of  up  to  20  ms  were  recorded  on 
painted  surfaces.  Times  undoubtedly  depended  on  the 
type  and  thickness  of  the  paint,  but  precise  records  of 
those  conditions  were  not  kept  as  their  importance  had 
not  yet  been  recognized. 

More  recent  dwell  time  data  has  been  obtained 
from  the  inflight  experience  of  the  NASA  F-106B  air¬ 
craft  [7.43].  This  plane  was  instrumented  as  part  of 
the  NASA-Langley  Research  Center  Storm  Hazards 
Program  to  study  lightning  parameters  and  effects  on 
aircraft.  Spacings  between  burn  marks  on  surfaces  of 
the  aircraft  showed  that  dwell  times  were  less  than  2 
ms  for  unpainted  skins  and  between  1  and  6  ms  across 
the  painted  aluminum  fuselage  and  wing  surfaces.  The 
dwell  times  were  determined  from  the  spacings  be¬ 
tween  burn  marks  and  the  aircraft  velocity,  182  m/s 
(409  mph),  during  the  thunderstorm  penetrations. 

A  tabulation  of  laboratory  and  in-flight  strike 
data  is  shown  in  Table  7.4  for  several  surfaces  com¬ 
monly  found  in  swept  flash  zones  (Zone  2A). 

The  FAA  User’s  Manual  [7.26]  for  the  updated 
Advisory  Circular  AC-20-S3A  [7.27],  recognizes  that 
the  coatings  and  paints  found  on  aircraft  surfaces 
can  affect  dwell  times.  It  recommends  that  proposed 
paints  and  finishes  be  compared  with  data  bases  such 
as  those  presented  here  to  establish  anticipated  dwell 
times.  New  coatings  for  which  little  experience  is  avail¬ 
able  should  be  tested  to  establish  dwell  times  and  melt- 
through  or  hot  spot  ignition  thresholds.  Guidance  for 
performing  such  tests  is  given  in  §4.2  of  [7.28], 

Once  the  expected  dwell  times  have  been  estab¬ 
lished,  it  is  then  necessary  to  determine  the  amplitude 
of  the  current  during  these  periods. 


Lightning  Dwell  Times  on  Typical 
Aircraft  Surfaces  in  Zone  2A 


Aircraft  Velocities 


Surface  Type  15.5  m/s  58  m/s  103  m/s 

(35  mph)  (130  mph)  (230  mph) 


Aluminum  and 
titanium  unpainted 

Aluminum  anodized 

Aluminum  painted 


1  to  4  ms  2.0  ms  1.0  ms 

4.8  ms  2.6  ms 
up  to  20  ms  up  to  10  ms 


187 


Ways  to  raduca  dwall  tima:  The  foregoing  discussion 
makes  clear  the  importance  of  lightning  arc  dwell  time 
in  establishing  whether  or  not  ignition  resulting  from  a 
strike  to  a  skin  is  likely  to  occur.  Dwell  time  is  perhaps 
the  only  lightning  characteristic  over  which  the  inte¬ 
gral  fuel  tank  designer  has  any  control.  The  objectives, 
of  course,  should  be  to  minimize  dwell  time  at  any  one 
spot  and  to  spread  the  arc  attachment  among  many 
different  spots.  A  bare  metal  external  finish  will  best 
achieve  these  aims,  since  most  paints  and  other  coat¬ 
ings  a#t  to  concentrate  the  attachment  at  more  widely 
separated  points  for  correspondingly  longer  times  than 
does  a  bare  surface. 

If  paint  must  be  used,  lightning  dwell  times  may 
be  reduced  by  making  the  paint  partially  conductive. 
Robb  and  others  [7.42]  have  demonstrated  that  alu¬ 
minum  powder  is  effective  in  increasing  the  conduc¬ 
tivity  of  polyurethane  paints,  thereby  increasing  the 
ability  of  the  arc  to  reattach  to  new  points  as  the  air¬ 
craft  surface  moves  beneath  the  arc.  Since  no  para¬ 
metric  data  relating  dwell  time  to  amount  of  additive 
is  available,  it  is  advisable  to  make  laboratory  deter¬ 
minations  of  the  degree  of  improvement  afforded  by 
particular  combinations. 

McClenahan  and  Plumer  [7.44]  have  shown  that 
small  diameter  metal  wires  intermingled  with  carbon 
yarns  in  CFC  skins  act  to  disperse  the  electric  arc 
and  reduce  damage  at  attachment  points.  This  effect, 
which  has  been  termed  arc  root  dispersion  in  §6.2.1. 
is  due  to  intensification  of  the  electric  field  and  punc¬ 
ture  of  non-conductive  finishes  above  the  wires.  The 
extent  to  which  this  treatment  shortens  swept  flash 
dwell  times  has  not  been  evaluated. 


practical  terms,  300  amperes  for  10  milliseconds  will 
produce  more  damage  that  2000  amperes  for  1  millisec¬ 
ond,  even  though  the  charge  transferred,  3  coulombs, 
is  the  same  in  either  case. 

For  example,  for  design  and  tests  of  swept  flash 
effects,  §4. 1.2.2  of  [7.28]  specifies  that  current  com¬ 
ponents  B ,  C.  and  D  should  be  applied  in  Zone  2A, 
with  D  applied  first,  since  it  is  a  restrike  current  which 
would  be  expected  to  create  a  new  dwell  point.  Com¬ 
ponents  B  and  C  are  then  applied  for  whatever  dwell 
time  is  expected,  or  for  50  ms  if  the  dwell  time  has  not 
been  determined  from  swept  flash  tests  or  is  otherwise 
unknown.  This  current  is  shown  in  Fig.  7.16.  If  a  dwell 
time  of  less  than  5  ms  is  expected,  an  average  current 
of  2  kA  should  be  applied  for  the  actual  dwell  time 
only.  It  should  be  noted  that  even  though  the  stan¬ 
dard  specifies  that  testing  be  conducted  in  this  man¬ 
ner,  nature  is  not  restricted  to  the  test  environment 
and  can  deliver  currents  in  any  sequence.  If  Compo¬ 
nent  C  applied  for  the  entire  dwell  time  is  more  severe 
than  a  combination  of  Component  B  and  C,  then  that 
threat  must  be  considered. 
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7.5.2  Currant  Amplitudes 

The  high  amplitude  return  strokes  of  the  lightning 
flash  are  too  short  in  duration  to  deliver  appreciable 
charge  and  cause  significant  melting  of  metal  skin  ma¬ 
terials.  Most  of  the  charge  in  a  flash  is  delivered  by 
continuing  currents  of  several  hundred  amperes  and 
by  intermediate  currents  of  several  kiloamperes.  In 
analyses  of  swept  stroke  effects,  emphasis  should  be 
placed  on  the  intermediate  and  continuing  currents. 
Components  B  and  C,  because  these  can  deliver  large 
amounts  of  charge. 

There  is.  of  course,  a  time  dependency,  as  was 
shown  in  Fig.  7.13.  Currents  of  200  •  500  A  will  melt 
through  at  lower  coulomb  levels  than  either  higher  or 
lower  currents.  This  is  related  to  the  current  density 
in  the  arc  channel.  The  density.  A/m2,  is  limited  so 
at  higher  currents,  the  diameter  of  the  arc  channel  ex¬ 
pands.  This  can  result  in  multiple  arr  roots  which 
spread  out  the  current,  rather  than  leaviug  it  concen¬ 
trated  at  a  single  point.  This  reduces  the  damage.  In 


Fig.  7.16  Current  and  charge  expected  at  a 
Zone  2 A  dwell  point. 

Drawn  with  straight  lines  only  for  purposes 
of  explanation 


The  environment  for  Zone  JA  includes  current 
components  ,4  and  B,  but  no  portion  of  component 
C .  Component  A  applies  a  higher  action  integral  and 
more  intense  shock  wave,  which  can  puncture  unpro¬ 
tected  CFC  and  some  thin  metal  skins,  as  described 
in  Chapter  6.  Meltthrough  of  metal  skins,  however, 
is  due  primarily  to  charge  transfer  from  intermediate 
and  continuing  currents,  Since  many  fuel  tnnk  skins 
are,  in  fact,  within  Zones  J,4  and  2.4,  they  should  be 
designed  to  tolerate  the  most  damaging  components 
of  each,  that  is,  stroke  current  component  .4  combined 
with  components  B  and  the  portion  of  C  that  would 
be  applicable  in  Zone  2.4. 
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Fuel  tank  skins  in  Zone  IB,  such  as  external  tanks 
on  rotorcraft,  must  tolerate  all  four  current  compo¬ 
nents,  A,  B,  C  and  D,  assumed  to  enter  the  skin  at 
any  spot  in  that  zone.  This  will  usually  preclude  use 
of  integral  skin  tanks,  unless  such  skins  have  multiple 
layers,  as  in  sandwich  construction. 

The  standard  lightning  environment  described  in 
[7.28]  and  Chapter  5  is  based  on  the  known  aspects 
of  cloud  to  earth  flashes,  as  discussed  in  Chapter  2, 
combined  with  studies  of  in-flight  damage  reported 
by  aircraft  operators  over  the  years.  As  such,  these 
current  amplitudes  are  a  good  representation  of  what 
to  expect  in  a  severe  natural  lightning  flash.  It  is  rec¬ 
ognized,  however,  that  more  severe  currents,  like  those 
which  sometimes  occur  in  a  positive  polarity,  cloud- 
to-ground  flash,  could  appear  at  Zone  2A  dwell  points. 
An  example  of  such  flashes,  recorded  by  Berger  [7.45], 
is  shown  in  Fig.  7.17. 


Fig.  7.17  Positive  polarity  flash  with  delayed 
starting  time. 

The  current  waveform  measurement  shown  in  that 
figure  was  made  at  an  instrument  tower  on  the  ground, 
and  the  long,  upward-moving  leader  which  extended 
from  this  tower  to  the  cloud  base,  accounted  for  the 
11.5  ms  delay  which  elapsed  before  the  return  stroke 
appeared  at  the  ground.  Not  all  of  this  delay  would 
have  occurred  had  the  measurement  been  made  on  an 
aircraft  in  flight  intercepting  such  a  flash.  Several  mil¬ 
liseconds  of  delay  still  could  have  elapsed  between  ini¬ 
tial  leader  attachment  to  a  forward  extremity  of  the 
aircraft  and  the  occurrence  of  the  return  stroke  over  a 
fuel  tank  surface.  The  positive  polarity  return  stroke 
could  have  delivered  about  20  A-s  (coulombs)  to  this 
attachment  point  during  the  2  ms  of  time  it  would 
have  dwelled  there.  According  to  the  data  of  Fig.  7.13, 
melt-through  of  a  1.6  mm  (0.063  in.)  aluminum  skin 
could  be  possible  under  these  conditions. 

There  are  reports  of  holes  melted  in  1.02  mm 
(0.040  in.)  skins  from  in-flight  strikes  in  Zone  2A 


areas,  but  holes  in  1.6  mm  aluminum  have  not  been 
reported,  a  fact  that  demonstrates  the  apparent  rar¬ 
ity  of  the  high-energy  positive  polarity  flash  in  Zone 
2A  areas.  Present  standards  and  test  practices  do  not 
account  for  these  flashes  due  to  lack  of  evidence  that 
they  have  struck  aircraft  in  critical  zones. 

7.5.3  Required  Skin  Thicknesses 

Assuming  that  current  amplitude,  charge  and 
dwell  time  have  been  established,  the  graphs  of  Figs. 
7.13  and  7.14  allow  the  designer  to  determine  the  thick¬ 
nesses  of  aluminum  or  titanium  skins  required  to  en¬ 
sure  that  the  skin  will  not  be  melted  through  or  over¬ 
heated  causing  a  hot  spot  by  lightning. 

Aluminum  skint:  As  an  example,  assume  that  a  bare 
aluminum  skin  is  planned  for  an  integral  tank  in  Zone 
2A.  Further,  assume  that  the  aircraft  will  fly  at  veloc¬ 
ities  as  low  as  58  m/s  (130  mph),  which  is  typical  for 
approach  to  landing. 

Ftom  Table  7.3  the  expected  dwell  time  for  this 
unpainted  skin  would  be  2  ms.  FYom  Fig.  7.16,  an 
average  of  2  kA  would  flow  into  the  dwell  point  during 
this  period,  delivering  4  A-s  of  charge.  On  Fig.  7.13 
these  parameters  intersect  at  a  point'about  half-way 
between  the  coulomb  ignition  threshold  curves  for  0.51 
mm  (0.020  in)  and  1.02  mm  (0.040  in)  aluminum  skins. 
This  indicates  that  0.81  mm  (0.032  in)  is  the  thinnest 
skin  that  should  be  considered.  Since  there  would  be 
little  margin  of  safety  if  a  skin  of  this  thickness  were 
actually  used,  it  would  be  prudent  to  select  a  greater 
thickness,  such  as  1.02  mm  (0.040  in)  if  at  all  possible. 

Surface  coatings,  such  as  paint,  will  usually  cause 
the  dwell  times  to  be  longer  than  they  would  be  on 
unpainted  skins.  The  type  and  thickness  of  the  coat¬ 
ing  both  affect  the  dwell  time.  Generally,  the  thicker 
the  coating,  the  longer  the  dwell  time  and  the  thicker 
the  skin  must  be  to  avoid  melt-through.  Consider, 
for  example,  the  longest  dwell  time,  20  ms,  recorded 
by  Robb,  Stahmann,  and  Newman  [7.42]  for  a  painted 
surface.  During  this  period  the  current  of  Fig.  7.17 
would  deliver  16  C.  These  parameters  intersect  at  a 
point  just  above  the  2.29  mm  (0.090  in)  curve  in  Fig. 
7.13,  indicating  that  even  the  2.03  mm  (0-080  in)  thick¬ 
ness  advised  by  some  design  guidelines  would  be  in¬ 
sufficient  to  prevent  ignition  where  certain  paints  are 
used.  Therefore,  if  paints  must  be  used,  it  is  advisable 
to  perform  swept  flash  tests,  or  to  refer  to  in-flight 
experience,  if  applicable,  to  establish  the  actual  dwell 
time  and,  therefore,  the  required  skin  thickness  neces¬ 
sary  to  prevent  melt-through. 

Titanium  skins:  By  using  the  graph  of  Fig.  7.13,  it 
is  possible  to  determine  titanium  skin  thicknesses  in  a 
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manner  similar  to  that  for  determining  aluminum  skin 
thicknesses.  The  coulomb  ignition  threshold  for  tita¬ 
nium  occurs  when  the  back  side  of  the  skin  reaches 
900°C  (1650°F),  a  temperature  Crouch  found  suffi¬ 
cient  to  ignite  a  fuel-air  vapor  from  hot  spot  formation 
[7.46].  Because  titanium  will  not  melt  at  this  tem¬ 
perature,  no  hole  will  be  formed  before  the  ignition 
threshold  is  reached.  No  graphs  of  the  type  shown  in 
Figs.  7.12  and  7.13  have  been  generated  for  other  met¬ 
als,  since,  with  the  exception  of  certain  space  vehicles, 
these  materials  seldom  appear  as  integral  tank  skins. 

Carbon  fiber  composite  skins:  The  data  of  §6.5.1 
can  be  utilized  to  select  necessary  CFC  thicknesses 
and  protective  treatments  to  prevent  punch  through 
by  stroke  current  effects,  Components  A  or  D.  The 
data  presented  in  §7.5.1  of  this  chapter  indicates  that 
incendiary  hot  spots  are  not  possible.  Ignition  by  hot 
filaments  was  found,  but  since  the  presence  or  absence 
of  the  fibers  did  not  depend  on  the  magnitude  of  the 
lightning  current,  no  guidelines  can  be  established  re¬ 
garding  what  is  necessary  to  eliminate  the  hot  fila¬ 
ments. 

Fuel  tanks  and  trailing  edges:  On  trailing  edges, 
lightning  flashes  tend  to  remain  attached  at  one  spot 
and  can  continue  to  burn  long  enough  to  melt  through 
metal  skins  of  almost  any  reasonable  thickness.  As  an 
example,  Fig.  7.13  shows  that  200  coulombs,  deliv¬ 
ered  in  1  second  or  less,  as  required  by  [7.28],  would 
melt  through  aluminum  skins  up  to  80  mm  (0.313  in.) 
thick.  A  titanium  skin  32  mm  (0.125  in.)  thick  would 
not  be  melted  by  such  a  charge,  but  Fig.  7.13  shows 
that  it  would  be  heated  to  a  temperature  of  1320°C 
(2400°F)  which  exceeds  that  necessary  for  ignition. 

Allowing  fuel  or  fuel  vapor  to  accumulate  in  trail¬ 
ing  edges  located  in  Zones  IB  or  2B  is  thus  hazardous, 
Trailing  edges  of  wings  with  integral  fuel  tanks  are 
where  the  flaps  and  ailerons  are  located  and  fuel  va¬ 
pors  are  not  likely  to  accumulate  in  such  areas.  With 
externally  mounted  fuel  tanks  or  tip  tanks,  however, 
it  is  possible  that  fuel  vapor  could  exist  at  a  trailing 
edge.  Protection  must  be  provided  by  closing  out  and 
venting  the  aft-most  volume  of  the  tank,  as  shown  in 
Fig.  7.18,  so  that  if  melt-through  does  occur,  there 
will  be  no  fuel  vapor  to  be  ignited. 

Other  way*  to  protect  tkins:  Several  other  meth¬ 
ods  have  been  utilized  successfully  to  prevent  melt- 
through  or  incendiary  hot  spot  formation  in  metal 
skins.  These  include  the  use  of  laminated  skins  and 
the  application  of  thermal  insulating  materials  to  the 
interior  surfaces  of  skins. 

Laminated  skins  employ  two  or  more  sheets  of 


metal  adhesively  bonded  together.  Tests  have  shown 
that  the  lightning  flash  melts  away  the  exterior  ply 
without  melting  into  the  interior  ply.  The  ranges  of 
metal  ply  and  adhesive  thicknesses  that  are  satisfac¬ 
tory  have  not  been  fully  evaluated  so  candidate  con¬ 
figurations  should  be  tested  as  appropriate  for  the  ap¬ 
plicable  zones. 

Thermal  barriers  have  consisted  of  layers  of  poly¬ 
sulfide  type  fuel  tank  sealants.  Such  materials  prevent 
hot  arc  products  or  hot  spots  from  contacting  fuel  va¬ 
pors.  Again,  candidate  designs  must  be  tested  to  ver¬ 
ify  effectiveness.  Life  cycle  aspects  such  as  durability 
and  compatibility  with  fuels  must  also  be  considered 
to  ensure  continued  airworthiness. 

Bladder  fuel  tanks,  which  have  been  used  exten¬ 
sively  in  older  designs  where  it  was  not  possible  to 
adequately  seal  the  skins,  will  also  provide  a  barrier 
between  the  lightning  melt-through  or  punch-through 
and  the  fuel  vapor. 


bulkhead  sealed  to  prevent  vapora 
from  leaking  into  void  area 


Fig.  7.18  Trailing  edge  construction  to  avoid  fuel 
ignition  from  extended  flash  hang-on. 


7.6  Effects  of  Current  In  Tank  Structures 

In  the  aircraft  accidents  that  have  been  attributed 
to  lightning  and  that  occurred  as  a  result  of  in-flight 
explosion  of  fuel,  the  exact  cause  of  fuel  ignition  has 
remained  obscure.  Ignition  at  fuel  vent  outlets  or  by 
melt-through  of  integral  tank  skins  has  been  suspected 
in  several  cases,  but  no  conclusive  evidence  to  this  ef¬ 
fect  has  ever  been  tound.  Another  possibility  is  that 
lightning  current  passing  through  the  fuel  tank  struc¬ 
ture  or  fuel  system  components  could  have  caused 
sparking  or  arcing  in  the  tanks  and  ignited  the  fuel 
vapor.  No  conclusive  evidence  of  this  has  been  found 
either,  but  the  marks  left  by  a  spark  rele  '  v 

millijoules  of  energy  would  be  difficult  to  de»- 
case. 

Much  attention  has  been  given  to  keeping  lignt- 
ning  currents  out  of  the  interior  of  the  aircraft  by  pro¬ 
viding  conductive  and  tightly  bonded  skins.  Still,  cur¬ 
rent  does  exist  on  interior  structural  elements  such  as 
spars  and  ribs,  and  also  on  fuel  and  vent  pipes.  When- 
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ever  current  crosses  joints  and  couplings,  there  exists 
the  possibility  of  arcing  or  sparking.  Since  so  little 
energy  is  needed  to  ignite  fuel,  the  behavior  of  these 
internal  currents  is  of  great  importance  to  fuel  system 
safety. 

Arcing  can  also  occur,  at  some  instances,  when 
lightning  currents  in  the  skin  encounter  discontinuities, 
such  as  access  doors  and  filler  caps.  Electrical  wires 
in  fuel  tanks  pose  another  potential  sparking  problem 
because  high  voltages  could  be  produced  by  the  high 
electromagnetic  fields  associated  with  lightning. 

Fig.  7.19  shows  the  possible  lightning  current 
paths  in  a  typical  fuel  tank  and  calls  attention  to  the 
areas  of  greatest  concern.  In  the  following  paragraphs 
each  of  these  areas  is  discussed.  Areas  of  concern  for 
which  little  or  no  quantitative  data  is  yet  available  will 
also  be  discussed. 

7.6.1  Filler  Caps 


Newman,  Robb,  and  Stahmann  [7.47]  were  among 
the  first  to  recognize  this  possibility  and  evaluate  it  in 
the  laboratory.  They  demonstrated  that  direct  strikes 
to  filler  caps  of  the  design  then  in  common  use  would 
cause  profuse  spark  showers  inside  the  tank.  They  ap¬ 
plied  simulated  strikes,  which  ranged  in  energy  from  a 
very  mild  35  kA,  0.006  x  10®  A2-s  stroke  to  a  very  severe 
180  kA,  3  x  106  A2  e,  stroke,  to  typical  fuel  filler  caps. 
Profuse  sparking  occurred  under  all  conditions.  When 
an  ignitable  fuel  mixture  was  placed  in  the  tanks,  these 
spark  showers  readily  produced  ignition. 

Newman  and  his  colleagues  did  not  report  spark¬ 
ing  or  fuel  ignition  when  the  same  filler  caps  were  not 
struck  directly  but  were  only  located  in  a  lank  skin 
through  which  lightning  current  was  being  conducted. 
Other  literature  does  not  report  such  sparking  either, 
but  the  possibility  of  such  an  occurrence  might  still 
exist  under  some  conditions. 


Problems:  Filler  caps  must  be  fitted  with  gaskets  and 
seals  between  the  cap  and  its  adapter  in  the  tank. 
Most  of  these  seals  have  little  or  no  electrical  conduc¬ 
tivity.  If  a  lightning  flash  contacts  the  filler  cap  there 
may  be  a  spark  across  or  through  the  seals.  The  spark 
may  then  generate  sufficient  pressure  to  blow  plasma 
past  the  seal  and  into  the  fuel  vapor  space. 


Protection  techniques:  After  observing  the  sparking 
from  direct  strikes  to  the  original  filler  caps,  Newman 
evaluated  several  design  modifications  to  prevent  this 
sparking.  Fig.  7.20(a)  shows  where  sparking  can  take 
place  on  the  inside  surfaces  of  an  unprotected  filler  cap 
while  Fig.  7.20(b)  shows  a  design  intended  to  prevent 
internal  sparking. 


JOINTS  BETWEEN  SKINS, 
SPARS,  AND  RIBS 


JOINTS  AND  INTERFACES 
IN  LINES  &  FITTINGS 


ACCESS  DOORS 
AND 

FILLER  CAPS 


DRY  ELECTRICAL  APPARATUS 

AND  WIRING 

Fig.  7.19  Lightning  current  paths  in  a  fuel  tank 
and  potential  problem  areas, 
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A  lightning  protected  cap  typically  uses  a  plas¬ 
tic  insert  so  that  there  are  no  metallic  faying  surfaces 
across  which  sparking  can  occur.  If  a  lanyard  is  re¬ 
quired,  it  is  made  of  plastic  since  one  source  of  spark¬ 
ing  on  filler  caps  was  found  to  be  along  the  ball  chain 
used  to  retain  the  cap. 

Lightning  protected  caps  are  generally  designed  to 
be  used  in  conjunction  with  mating  adapters.  An  elec¬ 
trically  non-conductive  O-ring  provides  a  seal  between 
the  plastic  insert  and  the  mating  adapter  to  prevent 
fuel  leaks.  When  a  strike  to  the  cap  occurs,  the  result¬ 
ing  lightning  currents  arc  from  the  cap  to  the  adjacent 
adapter,  since  the  O-ring  seal  prevents  direct  electri¬ 
cal  contact  between  the  two  parts.  The  arcing  creats  a 
pressure  buildup  at  the  O-ring.  If  the  pressure  is  too 
high,  arc  products  could  blow  past  the  O-ring  and  into 
the  fuel  vapor.  In  order  to  minimize  pressure  buildup, 
a  series  of  cutouts  is  made  around  the  perimeter  of 
the  cap  surface  so  that  arc  products  can  vent  to  the 
outside  of  the  tank. 

An  alternative  protection  design  replaces  all  the 
metal  parts  of  the  cap  with  plastic,  thus  preventing 
direct  arc  attachment  and  any  arcing  from  taking  place 
at  the  O-ring  seal. 

Lightning  protected  caps  should  always  be  used  if 
there  is  any  possibility  that  the  cap  may  receive  a  light¬ 
ning  strike,  i.e.,  if  the  cap  must  be  located  in  direct  or 
swept  flash  Zones  1A,  IB,  2A,  or  2B.  At  least  one  spec¬ 


ification,  MIL-C-38373B,  has  been  written  describing 
a  lightning  protected  cap.  If  there  is  any  doubt  about 
the  protection  capability  of  the  particular  design,  the 
cap  should  be  tested  with  its  mating  adapter  as  de¬ 
scribed  in  [7.28].  The  interface  between  the  filler  cap 
adapter  and  the  surrounding  tank  skin  can  also  arc 
and  care  must  be  taken  to  prevent  such  arcing  from 
contacting  fuel  vapors.  The  methods  employed  are 
discussed  in  §7.10.3. 

7.6.2  Access  Doors 

Problems:  Access  panels  or  doors  are  found  in  nearly 
all  fuel  tank  designs  to  enable  installation  and  main¬ 
tenance  of  system  hardware.  Typical  doors  are  shown 
in  Fig.  7.21.  Since  they  are  frequently  in  the  external 
skins,  they  are  exposed  to  lightning  strikes.  Early  tests 
showed  that  sparking  could  occur  at  access  doors  not 
specifically  designed  to  tolerate  lightning.  Modifica¬ 
tion  procedures  [7.48]  were  developed  which  prevented 
sparking,  even  when  the  access  doors  were,  struck  di¬ 
rectly.  Such  modifications  usually  consist  of  some  com¬ 
bination  of  the  following  features: 

1.  Avoidance  of  metal  to  metal  contact  between 
parts  exposed  to  fuel  vapor  spaces. 

2.  Provision  of  adequate  current  conduction  paths 
between  door  and  adapter  and  between  adapter 
and  surrounding  skin,  away  from  fuel  vapors. 
This  is  usually  via  the  fasteners,  which  are  sep¬ 
arated  from  vapor  areas  by  O-rings,  gaskets  or 
sealants. 

3.  Application  of  sealant  to  other  potential  arc  or 
spark  sources,  so  as  to  prevent  contact  with  fuel 
vapors.  Sealants  are  discussed  in  §7.6.3. 

Protection  techniques:  Any  design  which  allows  the 
door  installation  to  tolerate  the  applicable  lightning 
environment  while  meeting  other  perfcrmance  and 
structural  requirements  is  acceptable  and  there  are 
many  design  applications  and  approaches  that  have 
proven  satisfactory.  Some  acceptable  access  door  de¬ 
signs  are  shown  in  Figs.  7.22(a)  through  7.22(d). 

O-rings:  Fig.  7.22(a)  shows  a  common  design  in 
which  an  O-ring,  fitted  in  a  slot  in  the  doubler,  pre¬ 
vents  arc  products  around  the  fastener  from  entering 
the  fuel  vapor  space.  Instead,  the  arc  products  escape 
to  the  outside.  In  addition,  the  access  door  riveted  nut 
plate  (dome  nut),  doubler  fsstener,  and  the  fillets  have 
been  covered  with  polysulfide  type  fuel  tank  sealant  to 
contain  the  arc  products  occurring  at  these  locations, 
thus  preventing  them  from  contacting  fuel  vapor. 
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Fig.  7.21  Large  access  doors  in  Zone  2A  over 
fuselage  fuel  tanks. 


Integral  nut  ring:  In  example  (b)  of  Fig.  7.22,  the 
riveted  nut  plate  has  been  replaced  with  an  integral 
nut  ring.  This  configuration,  where  the  captive  nut  is 
installed  inside  a  casting  or  the  ring  has  a  tapped  hole, 
allows  higher  currents  to  be  conducted  than  the  riveted 
nut  plates.  Current  entering  the  integral  nut  ring  dif¬ 
fuses  to  several  fasteners  which  share  the  current  car¬ 
ried  to  the  doubler  and  the  skin.  Fuel  tank  sealant  is 
applied  around  the  fillets,  nut-ring-to~doubler  fasten¬ 
ers  and  skin-to-doubler  fasteners  (if  present)  to  pre¬ 
vent  arc  products  from  entering  the  vapor  space  from 
these  interfaces. 

Elimination  of  faitonart:  Two  additional  designs  are 
shown  in  Figs.  7.22(c)  and  (d)  where  the  doublers  of 
examples  (a)  and  (b)  have  been  removed.  This  elimi¬ 
nates  the  need  for  the  skin-to-doubler  fasteners  of  the 
previous  examples  thus  removing  them  as  potential  ig¬ 
nition  sources. 

Prefarrad  faitanar  locations:  In  Fig.  7.22(c),  the  ac¬ 
cess  door  fastener  head  is  located  in  the  door  so  that  e 
strike  to  the  door  causes  current  to  leave  through  the 
door  fastener.  This  creates  potential  arc  and  spark 
sources  at  the  fastener  interfaces  with  the  resultant 
arc  products  contained  by  the  use  of  the  O-ring  seal 
and  the  polysulfide  sealed  riveted  nut  plate. 

In  Fig.  7.22(d),  the  fastener  head  is  located  in 
the  skin  rather  than  the  access  door.  A  strike  to  the 
fastener  will  let  a  majority  of  the  current  go  directly 
into  the  skin  thus  decreasing  the  current  density  in 
the  door-to-skin  fastener.  The  decrease  in  fastener 
current  density  in  turn  minimizes  the  intensity  of  arc¬ 


ing  at  the  fastener/door  interface.  The  use  of  an  in¬ 
tegral  nut  ring  will  further  reduce  current  density  in 
the  door-to-ring  fasteners.  Arc  products  which  are 
formed  are  contained  by  the  use  of  the  O-ring  seal  as 
before. 

Non-conductive  doors:  If  the  door,  rather  than  a 
door  fastener  is  struck,  current  density  through  any 
of  the  door  fasteners  will  also  be  low  since  the  cur¬ 
rent  from  the  door  to  the  skin  will  be  divided  among 
all  of  the  door  fasteners.  Currents  can  be  eliminated 
in  the  door  altogether  if  the  door  is  constructed  of  a 
non-conductive  material  such  as  chopped  glass  fiber 
reinforced  composite.  A  lightning  attachment  to  such 
a  door  will  simply  result  in  a  surface  flashover  to  the 
adjacent  skin  or  fastener. 

Alternative  gasket  approaches:  Figs.  7.23(a)  and  (b) 
shows  two  access  door  gasket  designs.  Example  (a) 
shows  an  O-ring  which  fits  into  the  slot  shown  in  the 
doubler  and  prevents  arc  products  from  entering  the 
vapor  space  within  the  fuel  tank.  In  Fig.  7.23(b), 
a  flat  gasket  has  been  slotted  as  shown  so  that  arc 
products  occurring  at  the  door-to  doubler  (or  door- 
to-skin)  fasteners  can  be  vented  to  the  external  surface 
away  from  the  internal  fuel/vapor  space. 

Othor  modifications:  Other  modifications  in  access 
door  seal  design  have  proven  equally  effective  in  pre¬ 
venting  arcing.  In  some  cases  anodized  clamp  rings  or 
insulating  gaskets  have  been  acceptable  when  sufficient 
metal-to -metal  conductivity  existed  via  the  bolts  or 
fasteners  alone.  The  door  for  which  the  modification 
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described  in  [7.48]  was  developed,  had  only  23  fasten¬ 
ers,  whereas  other  doors  having  over  40  fasteners  have 
been  found  to  resist  arcing  even  if  insulation  finishes 
or  paints  such  as  anodizing  or  zinc  chromate  remained 
on  the  mating  surfaces.  The  large  number  of  fasten¬ 
ers  available  for  conduction  results  in  a  low  current 
density  per  fastener  compared  to  a  door  with  only  23 
fasteners. 

Guidelines  for  doors:  Some  guidelines  to  follow  in  de¬ 
signing  a  protected  door  include  the  following: 

1.  Provide  as  much  electrical  contact  via  screws  or 
fasteners  as  possible  and  make  the  current  paths 
through  these  fasteners  as  short  as  possible. 


2.  Isolate  the  fasteners  from  vapor  areas  with  non- 
conductive  gaskets  or  O-ring  seals. 

3.  Thoroughly  coat  ail  fasteners  with  tank  sealant. 

The  importance  of  eliminating  ignition  sources  at 
access  doors  installations  cannot  be  overemphasized, 
especially  in  cases  where  the  access  door  is  itself  a  large 
part  of  the  aircraft  skin  and  encloses  fuel.  Such  a  case 
is  illustrated  in  the  small  fighter  aircraft  of  Fig.  7.21, 
in  which  several  large  access  doors  cover  a  fuselage 
fuel  tank.  The  doors  cover  a  large  area  and  will  be 
exposed  to  lightning  strikes  sweeping  aft  from  the  nose. 
Doors  of  new  design  should  be  tested  to  be  certain  that 
protection  is  adequate. 
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Fig.  7.22  Treatment  of  fasteners  on  access  doors. 

(a)  O-ring 

(b)  Integral  nut  plate 

(c)  ,  (d)  Elimination  of  doublers. 
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Fig.  7.23  Alternative  gasket  designs. 

(a)  Conventional  ring  gasket 

(b)  Ventilated  gasket 


Resistance  measurements:  Adequate  electrical  con¬ 
ductivity  and  protection  cannot  be  verified  just  by 
measuring  the  dc  resistance  between  the  door  and  the 
surrounding  airframe  and  seeing  that  it  is  below  some 
arbitrary  value,  such  as  2.5  milliohms.  Shortcomings 
of  resistance  measurements  were  previously  discussed 
in  §6.2.5. 

Verification  of  protaction:  The  only  way  to  be  cer¬ 
tain  that  a  protection  design  is  adequate  is  to  perform 
lightning  tests  on  production-like  installations.  Other 
factors,  such  as  mating  surface  finishes  and  fastener 
torque  or  tightness  play  a  role  in  protection  effective¬ 
ness  and  these  factors,  with  appropriate  tolerances, 
should  be  accounted  for  in  test  planning  and  assess¬ 
ment  of  results. 

The  SAE  report  [7.28]  describes  tests  appropriate 
for  all  zones. 


of  CFC  material.  A  further  discussion  of  sealant  is 
given  in  §7.10.3. 

Protection  requires  that  sealant  application  be 
thorough  and  of  sufficient  thickness,  with  no  voids,  or 
thinly  applied  areas. 

Advantages  of  sealant:  The  advantages  of  sealant 
include  the  following: 

1.  Sealants  may  already  be  applied  to  prevent  leaks. 

Containment  of  arcs  and  sparks  may  only  require 
that  the  sealant  be  applied  more  thickly  or  over  a 
wider  area. 

2.  Easily  applied. 

3.  Can  be  applied  to  existing  designs. 


7.6.3  Fuel  Tank  Sealant 

In  some  situations  it  is  not  possible  to  prevent  all 
sources  of  arcing  around  fasteners.  In  those  cases  the 
arc  products  must  be  prevented  from  contacting  fuel 
vapors,  often  by  coating  the  arc  source  with  polysulfide 
type  tank  sealant.  In  addition  to  preventing  fuel  leaks, 
the  sealant  acts  to  contain  the  arcs  and  sparks  which 
occur  at  these  fasteners  during  a  strike  attachment  and 
prevents  contact  of  the  arc  products  with  the  fuel  va¬ 
por  space.  Typical  areas  requiring  sealant  protection 
include  structural  interfaces,  fasteners  which  extend 
through  the  tank  skin  from  the  exterior  surface,  and 
internal  fasteners  and  rivets  which  form  part  of  the 
current  path,  especially  if  the  structural  members  are 


Disadvantages  of  sealant:  The  disadvantages  of 
sealant  include  the  following: 

1.  Application  is  operator  dependent. 

The  adequacy  of  the  sealant  application  depends 
on  the  skill  of  the  person  applying  the  sealant,  es¬ 
pecially  in  areas  of  the  tank  which  are  difficult  to 
access.  In  these  areas,  even  a  skilled  operator  may 
have  difficulty  in  ensuring  that  sealant  coverage  is 
complete  without  voids  or  thin  spots.  Some  areas 
may  receive  excessive  sealant  while  others  may 
receive  too  little  to  contain  the  more  energetic 
arcs  and  sparks.  Application  also  depends  on  now 
closely  the  operator  adheres  to  sealant  guidelines. 
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2.  Sealant  exacts  a  weight  and  cost  penalty. 

While  applying  thick  layers  of  sealant  increases 
lightning  protection,  it  also  adds  to  the  weight 
of  the  aircraft  which  increases  costs  through  ad¬ 
ditional  fuel  consumption.  Exact  figures  on  the 
weight  added  as  a  result  of  lightning  protection 
measures  are  difficult  to  determine  since  much  of 
the  sealant  is  normally  applied  to  fasteners  and 
interfaces  in  a  fuel  tank  for  prevention  of  fuel 
leaks.  However,  any  additional  sealant  applied 
for  lightning  protection  adds  weight  at  a  rate  of 
0.048  -  0.056  lb/in3. 

3.  Protection  may  deteriorate  with  age  and  constant 
“working”  of  the  airframe. 

As  the  sealant  ages  it  may  deteriorate  so  that 
there  may  be  areas  within  the  tank  where  the 
sealant  is  no  longer  capable  of  containing  the 
arcs  and  sparks  which  occur  during  lightning  cur¬ 
rent  flow.  Some  progress  has  been  made  in  this 
area  with  improved  sealants  that  remain  pliable 
throughout  the  life  of  the  aircraft, 

7.7  Structural  Joints 

High-density  patterns  of  rivets  or  fasteners,  as 
commonly  used  to  join  fuel  tank  skins  to  stiffeners, 
ribs,  and  spars,  should  be  capable  of  conducting  200 
kA  stroke  currents  even  when  nonconductive  primers 
and  sealants  are  present  between  the  surfaces,  as  in 
Fig.  7.24.  Short  [7.49],  for  example,  reports  200  kA 
stroke  tests  of  skin-to-stringer  joint  samples  fastened 
with  double  rows  of  taper-lock  fasteners.  The  samples 
tested  had  16  fasteners  on  each  end  of  the  joint,  and 
no  sparking  was  detected  anywhere  at  the  joint. 

There  is  no  hard-and-fast  rule  for  the  number  of 
fasteners  per  joint  which  are  necessary  to  avoid  arc¬ 
ing,  but  a  rough  guideline  of  5  kA  per  fastener,  as 
discussed  below,  can  give  some  indication  of  the  num¬ 
ber  of  fasteners  which  may  be  required  to  transfer 
lightning  currents  among  structural  elements  without 
arcing.  In  general,  it  has  been  found  that  structural 
fastener  configurations  inside  tanks  and  not  exposed 
to  direct  strikes  can  tolerate  Zone  3  current  densities 
without  visible  arcing  and  the  need  for  overcoating 
with  sealant.  Fasteners  exposed  to  exterior  surfaces 
in  Zones  1  or  2,  however,  must  usually  be  protected 
and  verifi“  1  bv  test. 

At  areas  of  high  current  density,  arcing  usually 
occurs  at  the  interfaces  between  the  fastener  and  sur¬ 
rounding  metal,  as  shown  in  Fig.  7.25,  and  the  occur¬ 
rence  of  such  arcing  depends  on  other  physical  charac¬ 
teristics,  such  as  skin  thickness,  surface  coatings,  and 
fastener  tightness.  Tests  in  which  simulated  lightning 


currents  axe  conducted  through  the  joint  should  always 
be  made  on  samples  of  joints  involving  new  materials 
or  designs  to  confirm  protection  adequacy. 

Arc  thresholds  of  fasteners  in  Zone  3  areas:  Un¬ 
der  a  program  sponsored  by  NASA  [7.50],  tests  were 
performed  to  determine  the  spark  threshold  level  of 
typical  fasteners  used  in  aircraft  installations.  For 
those  tests,  aluminum  lap  joint  specimens  were  bonded 
with  electrically  non-conductive  fuel  tank  sealant  and 
were  also  fastened  with  a  single  rivet  which  had  been 
“wet”  installed  with  the  same  sealant.  Currents  were 
conducted  directly  into  one  end  of  the  specimen  and 
removed  from  the  other  end.  All  current  was  forced 
through  the  single  fastener  since  the  non-conductive 
sealant  eliminated  any  direct  electrical  contact  be¬ 
tween  the  mating  surfaces.  No  coatings  of  any  kind 
were  applied  to  the  head  of  the  fastener. 

The  tests  indicated  that  the  spark  threshold  cur¬ 
rent  level  of  the  fasteners  was  5  kA.  Thus,  a  door 
containing  40  fasteners  could  conduct  nearly  200  kA 
without  sparking  if  the  current  were  distributed  evenly 
among  the  fasteners.  In  most  cases,  however,  the  cur¬ 
rent  will  not  divide  uniformly,  but  will  be  concentrated 
in  those  fasteners  closest  to  the  point  of  attachment  or 
exit. 


Fig.  7.24  Bonding  through  mechanical  fasteners. 

Mating  surfaces  coated  with  non- 
conductive  finishes  and  sealers. 


Fig.  7.25  Potential  arc  source  locations  at  structural 
interfaces  coated  with  non-conductive 
finishes  and  sealants. 
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Direct  attachments:  The  proceeding  discussion  re¬ 
lates  to  joints  located  in  Zone  3  which  must  conduct 
only  a  portion  of  the  lightning  current.  Joints  located 
in  other  zones  can  be  struck  directly  by  the  lightning 
arc.  It  is  possible  for  the  lightning  arc  to  remain  at¬ 
tached  to  a  single  fastener  or  rivet.  If  that  happens, 
the  arc  can  melt  or  otherwise  damage  the  rivet  and  sur¬ 
rounding  skin.  If  ignitable  fuel  vapors  exist  beneath 
such  a  joint  ,  the  joint  may  have  to  be  larger  than 
would  be  otherwise  required. 

Guidelines  for  joints:  Some  other  guidelines  which 
should  be  noted  in  designing  integral  tank  joints  are 
as  follows: 

1.  Provide  electrically  conducting  paths  among  the 
structural  elements  so  that  lightning  currents  can 
be  conducted  among  elements  without  excessive 
arcing,  and  without  having  to  spark  across  non¬ 
conducting  adhesives  or  sealants.  Often  this  will 
be  via  rivets  or  removable  fasteners,  which  make 
metal  to  metal  contact  with  joined  parts.  There 
must  be  sufficient  areas  of  contact  among  all  of  the 
fasteners  in  the  current  path  to  avoid  excessive 
arcing,  damage  to  the  fasteners  or  surrounding 
structural  material. 

2.  Try  not  to  put  any  insulating  materials  in  places 
that  would  divert  lightning  current  from  straight 
and  direct  paths  between  entry  and  exit  points  on 
the  aircraft.  Voltages  which  may  cause  sparking 
will  build  up  wherever  diversions  in  these  paths 
exist.  The  diversions  through  the  fasteners  and 
stringer  of  Fig.  7.24  are  acceptable.  More  ex¬ 
tended  paths  may  not  be. 

3.  Account  for  aging  and  mechanical  stress  which 
may  cause  reduced  electrical  conductivity.  Con¬ 
tinued  flexing  of  structures  under  flight  load  con¬ 
ditions  may  eventually  loosen  a  joint  to  the  point 
where  arcing  could  occur.  To  evaluate  this  possi¬ 
bility,  perform  simulated  lightning  tests  on  joint 
samples  which  have  been  previously  subjected  to 
fatigue  or  environmental  tests. 

4.  Coat  all  joints  thoroughly  with  fuel  tank  sealant 
to  contain  any  arcs  or  sparks  which  may  occur.  A 
further  discussion  on  sealing  is  found  in  §7,6.3. 

5.  Do  not  depend  on  resistance  measurements  to 
confirm  the  adequacy  of  lightning  current  conduc¬ 
tivity  in  a  joint.  The  inductance  of  the  path  plays 
an  equally  important  part.  Resistance  measure¬ 
ments  (ac  or  dc)  may  be  useful  as  a  production 
quality  control  tool,  but  they  are  not  useful  for 
establishing  the  adequacy  of  the  lightning  current 
path  through  the  joint. 


7.8  Connectors  and  Interfaces  in  Pipes  and 
Couplings 

Electrical  plumbing  lines  within  a  fuel  tank  will 
usually  conduct  some  of  the  aircraft  lightning  cur¬ 
rents  since  they  provide  conducting  paths  in  contact 
with  conducting  structures.  The  amount  of  current  in 
plumbing  depends  on  the  resistance  and  inductance  of 
current  pp‘hs  in  plumbing  as  compared  with  surround¬ 
ing  structural  paths.  Currents  in  plumbing  within 
metal  aircraft  may  be  small,  a  few  tens  or  hundreds 
of  amperes,  but  current  in  metal  pipes  inside  non¬ 
conducting  or  CFC  structures  may  be  very  high. 

Problems:  The  current  in  these  lines  may  cause  spark¬ 
ing  at  pipe  couplings  where  there  is  intermittent  or 
poor  electrical  contact.  Some  pipe  couplings,  for  ex¬ 
ample,  are  designed  to  permit  relative  motion  between 
the  mating  ends  of  a  pipe  to  relieve  mechanical  stresses 
caused  by  wing  flexure  and  vibration  and  this  pre¬ 
cludes  the  tight  metal  to  metal  contact  needed  to  carry 
current.  Also,  electrically  insulating  coatings  such  as 
anodized  finishes  are  often  applied  to  the  pipe  ends 
and  couplings  to  control  corrosion.  Relative  motion 
and  vibration  may  wear  this  insulation  away,  provid¬ 
ing  unintentional  and  intermittent  conductive  paths, 
situations  that  lead  to  sparking.  Therefore,  particular 
attention  should  be  given  to  the  design  of  fuel  system 
plumbing. 

Lightning  currents  in  plumbing:  The  mechanism  by 
which  lightning  currents  diffuse  to  the  interior  of  an 
aircraft  is  discussed  in  Chapter  11.  There  it  is  pointed 
out  that  it  can  take  many  microseconds  for  lightning 
currents  to  become  distributed  through  the  aircraft 
because  rapidly  changing  currents  distribute  primarily 
according  to  the  inductance  of  the  paths  while  slowly 
changing  currents  distribute  according  to  resistance. 

The  high  amplitude  return  stroke  currents  will  not 
spread  very  deeply  into  interior  structural  elements  or 
other  interior  conductors  because  they  are  of  short  du¬ 
ration,  but  will  instead  tend  to  remain  in  the  metal 
skins.  Still,  there  will  be  some  current.  During  a 
NASA  sponsored  program  [7.51]  currents  in  the  fuel 
lines  within  a  fuel  tank  with  adhesively  bonded  alu¬ 
minum  structural  elements  were  measured.  With  a 
current  of  88  kA  injected  into  the  wing,  the  current 
in  a  small  diameter  fuel  line  within  the  tank  was  160 
amperes. 

The  analytical  procedures  for  determining  how 
rapidly  changing  currents  distribute,  §11.4,  are  com¬ 
plex,  but  intermediate  and  continuing  currents  persist 
for  times  long  enough  for  the  distribution  to  be  calcu¬ 
lated  on  the  basis  of  the  dc  resistances  involved. 
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Assume  that  the  leading  and  trailing  edge  sections 
of  a  wing  are  nonconductive  or  sufficiently  isolated  as 
to  be  unavailable  for  conduction  and  that  the  remain¬ 
ing  wing  box  is  comprised  of  skins  and  spars  having 
the  dimensions  as  shown  in  Fig.  7.26.  The  cross  sec¬ 
tional  area  of  the  spars  and  skins  forming  this  box  is 
135  cm2  (21  in2).  The  tank  also  contains  an  aluminum 
vent  pipe  electrically  bonded  to  the  structure  at  each 
end  of  the  tank.  This  tube  has  an  outside  diameter  of 
10  cm  (4  in),  a  wall  thickness  of  0.5  mm  (0.02  in2)  , 
and  a  cross  sectional  area  of  1.56  cm2  (0.24  in2). 


Fig.  7.26  Hypothetical  wing  box  with  integral 
fuel  tank. 

Asstime  an  intermediate  strike  with  an  average 
amplitude  of  2000  A  for  5  ms,  in  accordance  with  Com¬ 
ponent  B  of  [7.28].  The  current  in  the  pipe  can  be 
calculated  as  follows: 

w  *  [ *  2000  A = 231 A  (72) 

Currents  of  this  order  of  magnitude  have  pro¬ 
duced  arcs  at  movable,  poorly  conducting,  interfaces 
in  some  couplings.  More  common  examples  of  electric 
arc  sources  include  motor  commutators. 

Bond  straps:  Electrical  bond  straps  or  jumpers  are 
sometimes  installed  across  poorly  conducting  pipe  cou¬ 
plings,  as  shown  in  Fig.  7.27.  These  bond  straps 
should  not  be  relied  upon  to  prevent  sparking  from 
lightning  currents.  Current  is  apt  to  divide  in  propor¬ 
tion  to  resistance  which  may  be  the  result  of  a  small 
contact  area  in  the  coupling.  Some  current  in  the  cou¬ 
pling  could  lead  to  sparking  even  with  the  bond  strap 
in  place. 


ELECTRICAL 


Fig.  7.27  Electrical  bonding  jumper  across 
insulated  coupling. 


Conduction  through  couplings  and  intarfacas:  The 

extensive  use  of  anodized  coatings  to  provide  noncor¬ 
rosive  mating  surfaces  in  pipe  couplings  would  seem  to 
preclude  arcing  across  the  pipe  interface,  but  relative 
motion  between  these  surfaces  can  wear  through  the 
anodized  coating,  forming  a  conductive  path.  If  there 
happens  to  be  a  large,  bare  metal-to-metal  contact 
within  the  coupling,  this  could  provide  a  spark  free 
path.  However,  a  slight  change  in  the  relative  posi¬ 
tion  of  the  mating  surfaces,  or  introduction  of  dirt  or 
residue  might  drastically  change  the  electrical  capabil¬ 
ity  of  a  coupling.  It  is  probable  that  the  electrical  ca¬ 
pability  of  a  typical  pipe  coupling  changes  many  times 
during  a  flight  as  a  result  of  relative  motion  caused  by 
structural  vibrations  and  flexing. 

Some  of  the  commercially  available  couplings  and 
bulkhead  fittings  have  been  designed  to  conduct  im¬ 
pulse  currents  up  to  2500  amperes  without  sparking. 
These  couplings  should  be  adequate  for  use  in  most 
metal  tanks  where  currents  are  of  the  order  of  a  few 
hundred  amperes  or  less. 

Fuel  tanks  fabricated  of  CFC  materials,  however, 
are  more  highly  resistive  than  aluminum.  Currents  on 
the  exterior  skin  surface  of  such  tanks  will  diffuse  more 
rapidly  to  internal  conductive  plumbing  and  currents 
might  greatly  exceed  2500  amperes. 

Guidelines  for  protection:  In  the  absence  of  definitive 
data  on  the  electrical  conductivity  of  pipe  couplings 
under  in-service  conditions,  it  is  advisable  to  take  the 
following  approach: 

1.  Determine,  by  analysis  or  test,  the  fraction  of 
lightning  current  expected  in  a  particular  pipe. 

2.  Inject  this  current  into  a  sample  of  the  coupling 
under  simulated  in-flight  vibration  and  contami¬ 
nation  conditions. 

3.  Perform  this  test  in  a  darkened  enclosure  and  ob¬ 
serve  whether  any  arcs  or  sparks  occur.  Repeat 
the  test  until  a  reliable  result  is  established. 

Non-conducting  interfaces:  One  solution  to  the 
problem  of  arcs  and  sparks  at  couplings  and  plumb¬ 
ing  interfaces  with  aircraft  structure  is  to  insert  elec¬ 
trically  non-conductive  isolation  links  into  these  lines 
to  eliminate  them  as  current  carrying  paths.  This  so¬ 
lution,  of  course,  requires  additional  couplings,  which 
may  add  additional  weight  compared  to  the  traditional 
all  aluminum  plumbing. 

Another  solution  is  to  make  the  pipes  of  a  non¬ 
conductive  material.  Various  solid  polymers  or  fiber 
reinforced  resins  may  be  used  for  this  purpose.  Some 
electrical  conducting  material  must  be  provided  in  the 
interior  linings  of  pipes  transferring  fuel  however,  to 
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prevent  frictional  charge  accumulation.  The  resistivity 
of  these  materials  should  be  on  the  order  of  10*  to  10* 
ohm-cm.  This  is  sufficiently  high  to  prevent  lightning 
currents,  but  still  adequate  to  dissipate  static  charges. 
Lower  values  would  make  the  lines  too  conductive. 
One  such  system  presently  under  development  is  a  re- 
formable  duct  system  of  electrically  non-conductive 
thermoplastic  fluoropolymer,  reinforced  with  aramid 
fibers. 

7.9  Electrical  Wiring  in  Fuel  Tanks 

Problems:  Lightning  current  in  an  aircraft  may  induce 
voltages  in  electrical  wiring.  If  this  wiring  enters  a 
fuel  tank,  the  induced  voltages  may  be  high  enough  to 
cause  a  spark. 

Electrical  wires  found  inside  fuel  tanks  are  typ¬ 
ically  those  used  for  capacitance-type  fuel  quantity 
probes  or  electric  motors  used  to  operate  pumps  or 
valves.  If  these  wires  are  totally  enclosed  by  metal 
skins  and  ribs  or  spars,  the  internal  magnetic  fields 
and  induced  voltages  will  be  relatively  low.  Electrical 
devices,  such  as  fuel  quantity  probes,  and  their  instal¬ 
lation  hardware,  have  been  intentionally  designed  to 
withstand  comparatively  high  voltages  without  spark¬ 
ing.  The  fuel  system  designer,  however,  must  be  con¬ 
tinually  alert  for  changes  in  material  or  structural  de¬ 
sign  that  might  permit  excessive  induced  voltages  to 
appear  in  fuel  tank  electrical  circuits. 

Sparkover  characteric*  of  •mall  gaps:  A  number  of 
measurements  have  been  made  of  the  voltages  which 
lightning  currents  can  induce  in  fuel  probe  wiring. 
Measurements  have  also  been  made  of  the  voltages  re¬ 
quired  to  cause  a  spark  to  occur  between  the  elements 
of  typical  capacitance-type  fuel  quantity  probes.  The 
sparkover  voltages  have  usually  been  found  to  be  much 
higher  than  those  found  to  be  induced  in  the  wiring. 
As  an  example,  Newman,  Robb,  and  Stahmann  [7.47] 
found  that  dc  voltages  of  at  least  3000  V  were  re¬ 
quired  to  cause  a  spark  to  jump  between  the  active  and 
grounded  cylinders  of  a  capacitance-type  fuel  probe 
found  in  a  KC-135  aircraft  wing,  and  that  even  higher 
voltages  were  needed  to  spark  over  the  other  gaps  in 
this  probe.  Pluraer  [7.51]  ran  a  similar  test  using  im¬ 
pulse  voltages  and  found  that  12  kV  were  required  to 
cause  a  spark  to  jump  between  the  inner  and  outer 
cylinders  of  a  typical  probe.  Small  gaps  like  this  will 
withstand  more  impulse  than  dc  voltage,  and  the  im¬ 
pulse  test  more  realistically  represents  an  induced  volt¬ 
age. 

Effects  of  air  pressure:  The  tejts  reported  above  were 
made  at  ground  level.  At  flight  altitude,  the  same  gap 
would  break  down  at  a  lower  voltage  because  of  the 
lower  air  pressure.  The  amount  of  reduction  to  be 


expected  in  impulse  sparkover  voltage  at  various  al¬ 
titudes  can  be  determined  from  the  Paschen  curve  of 
Fig.  7.28  [7.52].  To  use  the  figure,  one  would  first  de¬ 
termine  the  product  of  pressure  and  gap  distance,  pd. 
Pressure  can  be  obtained  from  the  chart  of  the  figure. 
As  an  example,  if  it  is  desired  to  find  the  sparkover 
voltage  of  a  5  mm  (0.2  in)  gap  at  a  10  000  m  (33  000 
ft)  altitude,  the  pressure  at  this  altitude  would  first  be 
found  from  the  chart  as  198  16  mm  Hg.  The  product 
pd  would  then  be  990.8  mm  Hg.  From  Fig.  7.28,  the 
gap  would  spark  over  at  approximately  5500  V. 

Ignition  energy  vs  altitude:  The  ignition  energy  also 
rises  as  pressure  drops  and  this  effect  tends  to  off¬ 
set  the  reduction  in  sparkover  voltage  with  pressure. 
Tests  [7.8]  have  shown  that  20  times  as  much  spark 
energy  is  needed  to  cause  ignition  at  11  000  m  (36  000 
ft)  as  at  sea  level.  The  ignition  threshold  might  rise 
to  4  -  10  millijoules,  instead  of  0.2  -  0.5  microjoules. 
Most  induced  voltages  that  are  capable  of  producing 
a  spark,  however,  can  produce  more  than  10  joules, 
so  one  should  not  rely  on  the  spark  ignition  threshold 
being  sufficiently  high  to  prevent  problems. 

Lightning  strikes  to  aircraft  have  been  reported 
at  rill  flight  levels  through  about  11  000  m  (36  000 
ft),  although  few  occurances  above  5000  m  (16  000  ft) 
appear  to  have  involved  severe  currents.  Thus,  it  is 
probably  sufficient  to  design  and  certify  small  air  gaps 
at  the  SAE  lightning  environment  at  about  10  000  m 
(33  000  ft)  without  sparkover. 

The  sparkover  voltages  of  Fig.  7.28  should  be 
considered  only  approximate,  since  the  curve  relates 
to  uniform  field  conditions,  such  as  found  in  paral¬ 
lel  plane  electrodes.  Other  electrode  configurations, 
such  as  a  sharp  point -to-plane,  would  spark  at  lower 
voltages,  perhaps  25%  less.  It  is  best  to  actually  mea¬ 
sure  the  sparkover  voltage  of  specific  gaps,  preferably 
using  impulse  voltages  and  the  actual  hardware,  as 
electrode  shapes  and  surface  treatements  also  influence 
sparkover  voltage.  The  tests  can  be  made  at  ground 
level  pressure  and  corrected  approximately  for  altitude 
by  multiplying  ground  test  data  by  the  percentage  re¬ 
duction  in  sparkover  voltage  of  the  same  gap  at  flight 
altitude. 

Guidelines  for  design:  In  practice,  design  of  small  air- 
gaps  should  incorporate  a  margin  of  100%  over  antic¬ 
ipated  actual  voltage  levels,  to  account  for  mechani¬ 
cal  installation  tolerances,  the  effects  of  contaminants, 
and  the  statistical  variations  in  small  gap  sparkover 
voltages  themselves.  Thus,  a  particular  gap  should  be 
sized  to  withstand,  at  altitude,  twice  the  anticipated 
actual  voltage. 

In  some  cases,  particularly  installations  within 
CFC  tanks,  this  will  require  unacceptably  large  clear- 
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ances  between  objects  such  as  fuel  quantity  probes  and  Tasting  considerations:  When  determining  the  spark- 

adjacent  structure.  In  such  cases  other  means,  such  as  over  voltages  of  small  gaps  such  as  those  at  a  fuel  quan- 

coating  adjacent  surfaces  with  dielectric  films,  may  be  tity  probe,  care  must  be  taken  to  apply  test  voltages  to 

explored  to  enable  smaller  gaps  to  withstand  twice  the  all  of  the  gaps  which  may  exist,  though  this  need  not 

anticipated  voltage.  Designs  like  this  must  be  given  be  done  simultaneously.  In  most  cases  both  the  “high” 

voltage  withstand  tests,  as  handbook  type  data  does  and  “low”  elements  of  a  quantity  probe  are  insulated 

not  exist  to  support  specific  designs.  from  “ground”  (the  airframe),  but  there  is  always  a 

It  is  particularly  important  that  sufficient  insula-  mounting  bracket  which  brings  the  probe  in  proximity 

tion  be  provided  between  the  active  elements  and  the  to  the  airframe.  Fig.  7.30  is  an  illustration.  Thus, 

airframe  because  the  highest  induced  voltages  usually  the  test  should  evaluate  both  the  sparkover  between 

appear  between  the  wires  and  the  airframe.  These  the  “high”  and  the  “low”  electrodes  and  the  sparkover 

voltages  may  be  IR  voltages  related  to  lightning  cur-  between  the  “low”  electrode  and  the  structure  upon 

rents  in  the  structural  resistance  of  the  wing  or  they  which  the  probe  is  mounted.  Usually,  the  gaps  to  the 

may  magnetically  induced  voltages  as  illustrated  in  mounting  bracket  or  airframe  will  be  larger  than  the 

Fig.  7.29.  Structural  IR  voltages  may  be  only  a  few  others  and  require  a  higher  voltage  to  cause  sparkover, 

volts  for  a  metal  wing,  but  they  may  be  several  thou-  but  these  are  also  the  gaps  that  experience  the  highest 

sand  volts  in  a  composite  wing.  induced  voltages. 


-  Most  magnetic  flux  and  induced  voltage  appears  between  wire 
(or  shield)  and  the  airframe  at  probe  end. 

-  Less  flux  and  induced  voltage  exists  between  any  two  wires. 

-  Even  less  flux  and  voltage  exists  between  a  wire  and  its  shield. 

-  Other  voltages  can  occur  between  probe  and  airframe 
because  of  structural  IR  potentials. 


insulator 


airframe 

attachment 


low 

high 


Fig.  7.30  Possible  breakdown  of  gaps  in 
capacitance-type  probe. 

1.  High  to  low 

2.  High  to  airframe 

3.  Low  to  airframe 


Contaminants  that  accumulate  with  time  on  the 
probe  surfaces  may  act  to  reduce  the  sparkover  volt¬ 
age;  therefore,  it  is  wise  to  incorporate  a  factor  of  two 
when  designing  clearances  necessary  to  tolerate  the  an¬ 
ticipated  induced  voltages  expected  in  fuel  tank  wiring 
harnesses. 

Fig.  7.20  illustrates  that  the  proximity  of  the 
probe  to  the  airframe  structure  on  which  it  is  mounted 
is  very  important  in  determining  breakdown  voltages 


to  the  airframe.  Because  of  this,  design  of  adequate 
insulation  between  the  active  elements  of  the  probe 
and  the  airframe  may  not  be  entirely  within  the  probe 
designer’s  control. 

Shielding  of  fuel  probs  wires:  The  fuel  probe  wires 
are  most  closely  referenced  to  the  airframe  at  the  elec¬ 
tronics  end,  which  is  usually  in  the  fuselage.  If  one  or 
more  of  the  wires  are  shielded,  there  can  be  a  conflict 
between  the  grounding  practices  that  are  best  for  con¬ 
trol  of  lightning  induced  voltages  and  those  considered 
best  for  control  of  steady  state  electromagnetic  inter¬ 
ference,  EMI. 

Usually,  because  of  EMI  considerations  and  con¬ 
cern  for  “ground  loops”,  only  one  end  of  the  shield  is 
grounded;  most  commonly  at  the  end  remote  from  the 
fuel  sensor.  Grounding  the  shield  at  both  ends  per¬ 
mits  stray  ac  fields  to  induce  circulating  currents  in 
the  shield,  and  such  currents  may  interfere  with  the 
operation  of  the  fuel  quantity  electronics. 

The  conflict  arises  because  a  shield  grounded  at 
only  one  end  does  not  act  to  reduce  magnetically  in¬ 
duced  voltage  between  conductors  and  ground,  though 
it  may  reduce  voltages  between  conductors  in  the 
shield.  The  subject  is  treated  at  length  in  Chapter 
15,  but  the  gist  of  the  matter  is  that  a  shield  can  re¬ 
duce  voltages  between  conductors  and  ground  only  if  it 
is  grounded  at  both  ends  and  allowed  to  carry  current. 
If  a  shield  is  ungrounded  at  one  end,  magnetically  in¬ 
duced  voltages  can  develop  at  that  end  between  the 
conductors  and  ground.  Thus,  most  shields  found  on 
fuel  quantity  probe  wiring  harnesses  offer  little  or  no 
protection  from  lightning  induced  effects. 
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Measurement*  of  induced  voltages:  Newman,  Robb, 
and  Stahmann  [7.53]  measured  about  11  V  on  the  fuel 
quantity  probe  circuits  routed  inside  a  KC-135  wing 
fuel  tank  through  which  50  kA  strikes  with  50  kA//js 
rates  of  rise  were  being  conducted .  This  voltage  would 
extrapolate  to  a  maximum  of  44  V  at  a  severe  strike 
amplitude  of  200  kA.  Plumer  [7.54]  measured  up  to  4 
V  in  a  fuel  probe  circuit  routed  inside  the  tanks  of  an 
F-89J  wing.  The  simulated  lightning  current  in  this 
case  was  40  kA,  with  a  rate  of  rise  of  8  kA/fis.  FYom 
these  results  he  predicted  that  a  200  kA,  100  kA/^s 
lightning  strike  would  induce  185  V  in  the  same  circuit. 

These  voltages  are  not  sufficient  to  cause  any 
sparking.  These  measurements  were  made  on  metal 
aircraft  and  similiar  measurements  on  CFC  structures 
would  result  in  substantially  higher  levels. 

Routing  of  wires:  The  routing  of  the  fuel  probe  wires 
can  have  a  lot  to  do  with  how  much  induced  voltage  ap¬ 
pears  at  apparatus  inside  fuel  tanks.  A  comprehensive 
discussion  of  shielding  practices  is  given  in  Chapters 
15,  16  and  17. 

7.10  Elimination  of  Ignition  Sources 

The  previous  sections  have  described  some  of  the 
more  likely  potential  sources  of  ignition  and  have  de¬ 
scribed  ways  to  prevent  them.  In  the  following  sec¬ 
tions,  some  overall  design  approaches  are  discussed 
which  can  be  followed  to  reduce  or  eliminate  poten¬ 
tial  ignition  sources.  These  approaches  involve  se¬ 
lection  of  basic  structural  materials,  modifications  in 
the  airframe  structural  design,  and  methods  to  pre¬ 
vent  contact  between  any  remaining  ignition  sources 
and  fuel  vapors.  Successful  implementation  of  these 
measures  requires  the  lightning  protection  specialist 
to  work  closely  with  airframe  and  structures  design¬ 
ers  and  manufacturing  technologists  at  a  very  early 
point  in  the  design  cycle.  Structural  design  modifi¬ 
cations  to  minimize  lightning  protection  problems  can 
result  in  substantial  savings  in  weight  and  cost  penal¬ 
ties  due  to  lightning  protection,  but  these  benefits  can 
not  be  obtained  unless  the  designs  are  incorporated 
early  in  the  design  cycle.  Structures  designs  must  sat¬ 
isfy  many  requirements  and  some  of  the  features  that 
would  alleviate  potential  lightning  problems  may  not 
be  compatible  with  these  other  requirements. 

The  following  design  approaches  should  be  uti¬ 
lized,  to  the  extent  practical,  to  minimise  potential 
ignition  sources  within  aircraft  fuel  tanks. 

1.  Designing  the  fuel  tank  structure  to  minimize  the 

number  of  joints,  fasteners  and  other  potential  arc 

and  spark  sources  in  fuel  vapor  areas. 


2.  Providing  adequate  electrical  conductivity  be¬ 
tween  adjacent  parts  of  structures. 

3.  Providing  a  barrier  to  separate  remaining  arc  or 
spark  products  from  the  fuel  vapor. 

4.  Design  of  fuel  system  components  to  interrupt  po¬ 
tential  current  paths  and  withstand  potential  dif¬ 
ferences  that  may  exist  during  lightning  strikes  to 
the  airframe. 

7.10.1  Tank  Structures  Design 

As  illustrated  in  the  foregoing  sections,  most  igni¬ 
tion  sources  are  associated  with  structural  joints  and 
fasteners  of  various  kinds.  As  much  as  possible,  joints 
and  fasteners  should  be  eliminated  in  fuel  vapor  areas. 
If  they  cannot  be  eliminated,  they  should  be  designed 
so  that  they  do  not  spark.  If  sparks  cannot  be  com¬ 
pletely  eliminated,  the  fastener  must  be  sealed  so  that 
the  sparks  do  not  contact  the  vapor.  Several  design 
approaches  are  possible. 

Eliminating  panatrating  fastanars:  Figs.  7.31  -  7.33 
show  how  wing  spars  and  ribs  can  be  rearranged  to 
eliminate  penetrations  of  fasteners  into  the  fuel  tank. 
This  approach  may  eliminate  possible  fuel  leaks  at 
the  fasteners  as  well  as  eliminating  ignition  sources, 
though  the  possibility  of  leaks  due  to  bowing  of  the 
closeout  rib  would  have  to  be  considered.  Care  must  be 
given  to  ensuring  that  the  edges  of  spars  and  the  rib- 
to-skin  interfaces  do  not  present  arc  or  spark  sources 
themselves.  This  is  usually  done  by  use  of  electri¬ 
cally  insulating,  corrosion  resistant  finishes,  as  well  as 
sealant  materials  between  parts.  Also,  polysulfide  type 
sealant  is  sometimes  necessary  at  fillets  and  edges,  as 
discussed  in  §7.6.3. 

The  approaches  illustrated  in  Figs.  7.31  through 
7.33  are  applicable  to  CFC  as  well  as  to  metal  struc¬ 
tures.  Lightning  currents  in  fasteners  in  CFC  struc¬ 
tures  may  be  higher  than  those  in  aluminum  struc¬ 
tures  because  diffusion  times  in  CFC  are  much  shorter 
than  in  aluminum  and  more  current  will  seek  to  flow 
in  interior  structural  elements  such  as  ribs  and  spars. 
Also,  it  is  usually  more  difficult  to  make  arc  free  elec¬ 
trical  contact  between  CFC  parts.  Thus  these  design 
approaches  may  be  more  necessary  in  CFC  airframes 
than  for  aluminum  airframes. 

Likewise,  the  lightning  current  densities  in  air¬ 
frames  of  small  size,  general  aviation  aircraft  and  small 
rotorcraft,  will  be  proportionally  higher  than  the  cur¬ 
rent  densities  in  larger  transport  category  vehicles  ex¬ 
posed  to  the  same  total  amount  of  lightning  current. 
Design  approaches  such  as  shown  in  Figs.  7.31  through 
7.33  can  be  followed  to  eliminate  potential  ignition 
sources  in  small  integral  tank  structures. 


202 


Fig.  7.31  Spar-skin  interface  design  to  reduce  ignition  sources. 

(a)  Conventional  -  fasteners  in  fuel  area 

(b)  Improved  -  fasteners  outside  fuel  area 


Co-curing  of  CFC  tanks:  The  most  radical  way  of 
eliminating  fasteners  and  their  associated  problems  is 
to  build  the  tank  as  a  single  monolithic  structure  which 
is  electrically  conductive  throughout.  While  this  is  not 
done  at  present,  it  is  a  technique  that  could  be  used  to 
build  CFC  tanks.  Fig.  7.34  illustrates  the  principle. 


fuel 

tank 

close-out 

rib 

(b)  fastener  — ' 


Fig.  7,32  Wing  fuel  tank  closeout  rib-skin  interface 
design  to  reduce  ignition  sources. 

(a)  Conventional 

(b)  Improved 


In  Fig.  7.34(a)  fasteners  penetrate  the  tank.  In 
Fig.  7.34(b)  filament  winding  is  used  to  achieve  an 
entirely  co-cured  structure.  Practical  limitations  may 
prevent  this  method  from  being  utilized  to  build  com¬ 
plete  wings  of  large  aircraft,  but  similar  approaches 
may  be  useful  for  construction  of  various  substruc¬ 
tures. 

Co-cured  joints  in  CFC  structures  will  eliminate 
potential  arc  and  spark  sources  and  provide  the  best 
possible  electrical  conductivity  among  structural  sec¬ 
tions.  In  these  joints,  the  pre-impregnated  resin  is 
used  to  bond  yarns  and  plies  together  without  the  need 
for  additional  adhesives.  Practical  difficulties  arise  in 
co-curing  large  structures,  but  great  improvements  in 
lightning  protection  of  CFC  structures  can  be  achieved 
by  co-curing  of  simple  interfaces,  such  as  between  stiff¬ 
eners  and  skins. 
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Fig.  7.33  Wing  stiffener  design  to  eliminate  ignition  sources 

(a)  Conventional  -  penetrating  fasteners 

(b)  Improved  -integral  stiffeners 


Non-conductive  spars:  Another  method,  shown  in 
Fig.  7.35,  illustrates  the  use  of  fiberglass  or  aramid 
fiber  reinforced  composites  to  fabricate  spars  within  a 
wing  fuel  tank.  In  this  case,  lightning  currents  tend 
not  to  flow  into  fasteners  because  these  bear  against 
non-conducting  interior  surfaces  and  do  not  consti¬ 
tute  current  paths.  Mechanical  strength  considera¬ 
tions  may  preclude  use  of  other  than  CFC  material 
for  spars  and  ribs.  If  so,  several  other  approaches  can 
be  used  to  interrupt  current  through  fasteners,  These 
are  illustrated  in  Figs.  7.36  and  7.37. 

Non-conductive  shear  tits:  Fig.  7.36  illustrates  the 
use  of  a  non-conductive  shear  tie,  sometimes  called 
a  clip  or  shear  clip,  to  interrupt  electric  current  paths 
between  skin  and  interior  structures  which  are  conduc¬ 
tive.  This  allows  these  elements  to  remain  conductive, 
yet  ensures  that  lightning  currents  remain  in  the  tank 
skin  and  eliminates  potential  arc  sources  at  fasteners. 

Prevention  of  fastener  sparks:  If  it  is  not  possible  to 
use  a  non-conducting  shear  tie,  Fig.  7.37  illustrates  a 
method  of  controlling  internal  sparking  at  the  fastener. 
A  non-conductive  ply  or  multi-ply  laminate  is  bonded 


to  the  interior  surface  of  the  clip.  This  prevents  current 
from  arcing  from  the  fastener  to  the  back  of  the  shear 
tie  at  the  surface. 

The  structural  designs  illustrated  in  Figs.  7.31 
through  7.37  are  examples  of  the  kinds  of  approach 
that  can  be  followed  to  eliminate  potential  fuel  va¬ 
por  ignition  sources.  These  concepts  avoid  the  “brute 
force”  methods  of  extensive  sealant  overcoat  that  im¬ 
pose  cost  and  weight  penalties  and  concerns  regarding 
life-cycle  durability.  Designers  are  encouraged  to  de¬ 
velop  other  approaches  to  achieve  the  same  ends.  Since 
success  or  failure  depends  on  factors  such  as  small  di¬ 
mensions,  clearances  and  tightness  whose  performance 
cannot  always  be  predicted,  candidate  designs  should 
always  be  evaluated  by  simulated  lightning  tests. 

When  employing  electrically  insulating  structural 
materials  to  interrupt  lightning  current,  as  illustrated 
in  Figs.  7.36  and  7.37,  it  must  be  remembered  that 
current  paths  must  be  provided  between  extremities, 
such  as  nose,  tail,  wing  and  empennage  tips  and  con¬ 
trol  surfaces.  Thus,  non-conductive  elements  may  be 
utilized  within  a  CFC  tank,  but  the  tank  skins,  and 
often  the  main  spars,  must  be  fabricated  of  conductive 
materials  capable  of  conducting  lightning  currents. 
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Fig.  7.35  Non-conducting  ribs  to  eliminate 
arc  and  spark  sources  at  fasteners. 


Fig.  7.36  Non-conducting  shear  clips  to  interrupt 

current  paths.  Fig-  7.37  Non-conducting  ply  or  laminate. 


Keeping  current  densities  low:  One  method  to  min¬ 
imize  arcing  at  a  fastener  is  to  keep  the  current  den¬ 
sity  in  the  fastener  low.  This  may  be  accomplished 
by  using  fasteners  as  large  as  possible  to  maximize 
the  contact  area  between  the  fastener  and  the  joined 
surfaces,  as  is  shown  in  Fig.  7.39.  The  upper  drawing 


shows  arcing  occuring  at  the  fastener  interface  with  the 
parts  due  to  small  cross-sectional  contact  area.  When 
the  contact  area  is  increased,  as  shown  in  the  lower 
drawing,  the  current  density  through  the  fastener  is 
reduced,  which  decreases  the  intensity  of  the  arcing  at 
the  interfaces. 
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The  intensity  of  arcs  may  also  be  reduced  by  al¬ 
lowing  or  encouraging  the  current  to  be  shared  among 
several  fasteners.  This  concept  is  shown  in  Fig.  7.40. 
With  a  large  number  of  fasteners  in  a  current  path, 
the  current  in  any  one  fastener  will  be  lower.  Light¬ 
ning  currents  do  not  divide  evenly  among  all  fasten¬ 
ers  in  most  designs,  since  overall  current  densities  di¬ 
minish  with  distance  away  from  lightning  entry  and 
exit  points.  Reliable  analysis  methods  are  not  readily 
available  to  calculate  the  current  distribution  among 
fasteners.  Gross  estimates  can  be  made  by  intuition, 
sufficient  to  design  test  specimens  and  establish  appro¬ 
priate  current  levels. 

7.10.3  Arc  Containment 

As  noted  earlier,  certain  design  methods  can  be 
employed  to  reduce  the  intensity  of  surcs  at  conductive 
interfaces.  These  methods  may  prevent  ignitions  at 
low  to  moderate  current  levels,  but  at  higher  levels 
the  arc  pressure  buildup  may  be  sufficient  to  blow  arc 
products  into  the  fuel  vapor  space.  For  this  reason,  it 
is  generally  necessary  to  employ  a  barrier  between  arc 
sources  and  fuel  vapor  areas. 


Fig.  7.39  Effect  of  fastener  contact  area  on 
current  density  and  arcing. 

(a)  Small  area  and  high  current  density 

(b)  Large  area  and  low  current  density 

Containment  with  tank  sealant:  The  most  common 
method  of  containment  is  the  addition  of  a  fuel  tank 
sealant  coating  over  the  exterior  surface  of  the  fas¬ 
teners.  Advantages  and  disadvantages  of  sealant  were 
previously  discussed  in  §7.6.3.  The  basic  principle  is 
shown  in  Fig.  7.41.  It  must  be  emphasized  that  sealant, 
does  not  eliminate  the  arcs  which  occur,  but  merely 
contains  the  resulting  products  so  that  they  do  not 
contact  the  flammable  vapor  space. 

Protection  increases  as  the  thickness  of  the  ap¬ 
plied  sealant  is  increased,  though  there  is  a  practical 
limit  to  the  amount  of  sealant  which  may  be  applied 
because  of  the  weight  which  it  adds  to  the  aircraft 
and  the  cost  of  labor  and  material.  The  effectiveness 
of  overcoating  depends  upon  the  skill  of  the  opera¬ 
tor.  The  fastener  must  be  thoroughly  coated  and  there 
must  be  no  voids  or  thinly  coated  areas. 
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Fig.  7.41  Fastener  sealing  concepts. 

(a)  Dome  nut 

(v)  Sealant  over  a  fastener 

(c)  Washer  under  a  fastener 


Examples  of  acceptable  and  unacceptable  sealant 
coverage  for  fasteners  are  shown  in  Fig.  7.42.  Fig. 
7.42(a)  shows  sealant  applied  at  the  sides  of  the  fas¬ 
tener,  but  not  of  sufficient  quantity  to  prevent  arc  pres¬ 
sure  blowby  through  the  sealant  or  at  the  interfaces  be¬ 
tween  the  sealant  and  the  fastener.  This  is  remedied, 
as  shown  in  Fig.  7.42(b),  by  applying  a  coating  thick 
enough  to  prevent  arc  product  breakthrough.  In  addi¬ 
tion,  the  sealant  has  been  extended  over  the  fastener 
head,  thus  eliminating  the  possibility  of  arc  product 
blowby  through  the  sealant  at  this  location. 

Containment  with  fasteners:  Although  arcing  can 
take  place  at  any  point  of  contact  between  the  fas¬ 
tener  and  the  CFC  structure,  the  most  significant  arc¬ 
ing  takes  place  between  the  shaft  of  the  fastener  and 
the  hole  surface.  Pressure  then  builds  up  in  this  area 
and  can  vent  under  the  fastener  nut  or  washer  into  the 
fuel  tank  vapor  space  since  the  faying  surfaces  in  this 
area  sire  very  hard  to  manufacture  smooth. 

A  method  of  containing  these  products  is  to  use 
fasteners  which  provide  a  mechanical  seal.  Examples 
of  this  type  of  fastener  are  shown  in  Fig.  7.43.  Each  of 
these  fasteners  is  fabricated  with  a  gasket  to  contain 
the  arc  products  which  result  from  contact  between 
the  fastener  and  the  structure.  Arcing  may  occur  be¬ 
tween  surfaces  in  close  proximity,  such  as  between  the 
fastener  housing  and  the  skin  surface  as  shown  in  the 
sketches,  but  electrically  non-conductive  primers  or 
finishes  on  the  skin  surface  may  help  prevent  this  prob¬ 
lem.  Typical  installations  should  be  tested  to  be  cer¬ 
tain. 
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Fig.  7.42  Guidelines  for  overcoating  of  fasteners. 

(a)  Inadequate  coverage 

(b)  Adequate  coverage 
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Fig.  7.43  Gasket  sealed  fasteners. 

(a)  Self  sealing  rivetless  nut  plate 

(b)  Gask-o-Seal  washer 

(c)  NAS  1523  sealing  washer 


Arcing  threshold  levels  of  self-sealing  rivetless 
nutplates,  Fig.  7.43,  are  generally  higher  than  simi¬ 
lar  nutplate  fasteners  with  rivets,  due  to  the  combina¬ 
tion  of  the  rubber  seal,  which  prevents  blowby  of  arc 
products  into  the  fuel  vapor  space,  and  the  elimination 
of  the  rivets  which  are  generally  the  source  of  arcing 
when  currents  of  any  appreciable  amplitude  are  con¬ 
ducted  through  the  nutplate  fastener.  While  arcing 
threshold  levels  of  typical  fasteners  have  been  shown 
to  be  approximately  5  kA,  the  levels  achieved  by  riv¬ 
etless  nutplate  fasteners  have  been  three  to  four  times 
this  level. 

Structural  interfaces:  Sealant  coatings  must  also  be 
applied  to  structural  interfaces,  at  least  in  exterior 
skins  where  current  densities  are  highest.  In  tanks 
fabricated  of  aluminum,  coatings  of  electrically  non- 
conductive  corrosion  finishes  on  interfacing  parts  can 
result  in  arcing  between  the  parts  due  to  the  poor  elec¬ 
trical  contact.  Fbr  CFC  tanks,  arcing  can  be  caused 
by  the  non-conductive  resins  and  adhesives  used  in 
the  fabrication  of  structures.  Arcing  may  occur  due 
to  insufficient  electrical  contact  between  elements  and 
sparking  may  occur  due  to  voltage  potential  differences 
between  elements.  Recommended  fillet  sealing  dimen¬ 
sions  are  shown  in  Fig.  7.44.  (7.55], 


Spark  and  arc  thresholds:  The  arc  and  spark  thresh¬ 
old  level  of  a  particular  aircraft  design  depends  on  sev¬ 
eral  factors  which  include  the  following: 

1.  Type  of  skin  material. 

2.  Skin  thickness. 

3.  Thickness  of  primer  and  surface  finishes. 

4.  Arc  entry  vs.  cond\tcted  current  entry. 

5.  Current  amplitude. 

6.  Current  division  among  structural  elements. 

7.  Thoroughness  of  fuel  tank  sealant  coverage. 

The  threshold  levels  at  which  arcs  and  sparks  oc¬ 
cur  in  a  new  aircraft  design  may  be  estimated  by  sim¬ 
ilarity  with  other  designs  for  which  a  data  base  ex¬ 
ists.  However,  the  fuel  tank  designer  should  be  careful 
when  assuming  that  a  new  design  is  similar  to  a  pre¬ 
vious  one.  Any  differences  in  materials,  thicknesses, 
coatings,  or  number  of  fasteners  will  change  the  im¬ 
pedances  and  current  paths  within  the  tank,  which 
can  alter  the  threshold  levels. 

The  current  density  in  a  particular  set  of  fasten¬ 
ers  can  be  estimated  by  mathematical  techniques,  but 
determination  of  structural  current  is  not  yet  possi¬ 
ble  due  to  the  complexity  of  current  paths  and  the 
difficulty  of  describing  them  in  electrical  terms.  Tech¬ 
niques  for  such  estimates  are  described  in  Chapters  10 
and  11.  Since  there  is  some  uncertainty  about  the  re¬ 
liability  of  these  calculations,  it  is  best  that  designs  be 
based  on  similarity  or  upon  analysis  supported  by  test 
data. 

7.11  Plumbing  and  Composite  tanks 

The  use  of  CFC  materials,  which  are  1000  times 
more  resistive  than  aluminum,  subjects  the  internal 
components  to  higher  electrical  levels  which  might  re¬ 
sult  in  arcs  or  sparks  that  would  not  occur  in  alu¬ 
minum. 

The  three  areas  in  which  CFC  construction  mate¬ 
rials  have  increased  the  problems  associated  with  fuel 
tank  design  are: 

1.  An  increase  in  the  possibility  of  sparks  due  to  high 
voltage  potential  differences  developed  within  the 
tank. 

2.  An  increase  in  the  possibility  of  arcs  due  to 
higher  magnitude  currents  in  internal  plumbing 
and  other  hardware. 

3.  An  increase  in  the  induced  voltage  levels  ap¬ 
pearing  on  internal  electrical  wiring  from  reduced 
shielding  effectiveness  of  the  surrounding  struc¬ 
ture. 
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IR  Voltages:  High  voltages  might  be  developed  within 
a  resistive  CFC  fuel  tank  carrying  lightning  current. 
As  an  example,  consider  the  CFC  wing  subjected  to 
lightning  tests  during  a  NASA  sponsored  progiam  to 
gather  design  data  on  adhesively  bonded  aircraft  struc¬ 
tures  [7.56].  During  this  program,  tests  were  con¬ 
ducted  on  a  CFC  wing  whose  length  was  approxi¬ 
mately  6.1  m  (20  feet)  from  wing  tip  to  fuselage  center- 
line.  The  resistance  of  this  wing,  determined  during 
impulse  current  injection  tests,  was  found  to  be  ap¬ 
proximately  25  milliohms.  If  a  severe  lightning  strike 


of  200  kA  were  to  strike  the  wing  tip  and  be  '■onducted 
to  the  wing  root,  the  voltage  rise  along  the  wing  would 
be 

V  =  IR 

=  (200,000  Amps)(0.025  ohms) 

=  5,000  volts  (7-6) 

where  y  _  y0itage  along  the  wing 

I  =  Peak  amplitude  of  lightning  current 
R  =  Resistance  of  wing. 
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If  there  were  a  fuel  quantity  probe  at  the  tip  end 
and  if  it  were  referenced  to  instrumentation  ground  in 
the  avionics  bay,  there  would  be  5000  volts  between  the 
probe  and  the  skin,  This  voltage  might  cause  a  spark 
between  the  probe  ends  and  adjacent  top  or  bottom 
skins. 

If  the  aircraft  were  at  30  000  feet  when  struck, 
then  by  calculations  using  the  Paschen  curve  of  Fig. 
7.27,  the  air  gap  required  to  prevent  sparkover  would 
have  to  be  at  least  4.5  millimeters.  If  a  safety  factor 
of  2  were  used,  as  recommended  in  §7.3.6,  the  air  gap 
distance  would  have  to  be  about  10  mm  (0.4  in). 

If  fuel  quantity  measurement  requirements  make 
it  impractical  to  provide  this  much  clearance,  the  de¬ 
signer  would  need  to  provide  insulation  in  some  other 
way,  such  as  adding  a  dielectric  coating  to  the  fuel 
quantity  probe  or  bonding  of  one  or  more  layers  of  di¬ 
electric  material  to  the  interior  fuel  tank  skin  adjacent 
to  the  quantity  probe  tip  ends.  Either  method  would 
minimize  the  possibility  of  a  spark  flashover.  An  ac¬ 
tual  probe  specimen  should  still  be  tested  to  determine 
the  actual  sparkover  voltage. 

The  problem  of  high  IR  voltages  is  not  confined 
to  the  design  of  hardware  installations.  Potential  dif¬ 
ferences  can  also  develop  between  structural  elements 
located  along  the  lightning  current  path  which  are  iso¬ 
lated  from  each  other.  This  is  the  case  in  a.  wing  tank 
in  which  the  spars  and  ribs  may  be  adhesively  bonded 
to  the  wing  skins  with  electrically  non-conductive  ad¬ 
hesives.  The  potential  differences  which  can  occur 
under  such  conditions  can  result  in  voltage  sparkover 
of  the  adhesive  bond  line  between  the  structural  ele¬ 
ments.  This  will  happen  most  often  in  locations  where 
no  rivets  or  fasteners  are  used  in  either  composite  or 
metal  structures  although  the  potential  is  greater  in 
composite  structures  due  to  the  higher  voltages  which 
may  develop. 

Adhasiva  bond  lino  voltages:  Adhesive  bond  line 
voltages,  recorded  on  two  full  scale  wing  structures 
during  the  NASA  study  mentioned  previously  [7.57], 
showed  that  voltages  across  adhesively  bonded  alu¬ 
minum  structural  elements  could  reach  2.5  volts  dur¬ 
ing  conduction  of  200  kA  test  currents.  By  contrast, 
voltages  measured  across  adhesively  bonded  CFC  ele¬ 
ments  were  200  volts  for  190  kA  test  currents  [7.58f. 
This  voltage  might  be  reduced  by  adding  a  few  rivets 
at  selected  locations  to  lower  the  voltage  potential  dif¬ 
ference  between  the  elements.  Alternatively,  fuel  tank 
sealant  could  be  applied  along  joint  interfaces  to  con¬ 
tain  any  sparks. 

Increased  currents:  The  second  problem  faced  by  the 
designer  of  CFC  tanks  is  the  magnitude  of  the  currents 
through  the  fuel  tank  plumbing.  A  lightning  strike  to 


a  wing  tip,  for  example,  will  result  in  lightning  cur¬ 
rent  passing  through  the  wing  to  an  exit  point  located 
elsewhere  on  the  aircraft.  These  currents  will  seek  con¬ 
ductive  paths  which  include  the  wing  skin,  spars,  ribs, 
and  internal  fuel  tank  plumbing. 

Initially,  the  current  divides  according  to  the  in¬ 
ductance  of  all  the  elements  and  largely  stays  in  the 
CFC.  At  later  times  currents  divide  according  to  resis¬ 
tance  of  the  various  current  paths.  The  internal  metal 
plumbing  is  more  conductive  than  the  CFC  skin,  so 
a  large  part  of  the  current  transfers  to  the  plumbing. 
Since  the  current  diffuses  rapidly  into  the  CFC,  the 
waveshape  of  the  current  on  the  inside  surfaces  of  CFC 
structures  is  thus  about  the  same  as  it  is  on  the  exter¬ 
nal  surfaces. 

Typical  current  distributions  in  metal  and  CFC 
tanks  are  shown  graphically  in  Fig.  7.45.  The  total 
lightning  current  entering  the  wing  is  shown  in  Fig. 
7.45(a).  The  currents  in  metal  plumbing  or  hardware 
can  reach  high  levels,  in  some  cases  being  a  major 
portion  of  the  total  current.  By  comparison,  currents 
will  remain  for  a  longer  period  of  time  in  the  skin  of  a 
metal  wing  and  diffuse  more  slowly  into  internal  metal 
conductors,  never  reaching  high  amplitudes. 

Current  distribution  patterns:  Current  distribution 
patterns  in  a  CFC  wing  structure  were  measured  dur¬ 
ing  a  NASA  study  [7.59  and  7.60].  A  900  A  current 
wave  was  injected  into  the  base  of  a  static  discharger 
located  at  the  wing  tip  with  the  amplitudes  of  the  cur¬ 
rent  in  the  skin,  leading  edge  conduit,  control  cables, 
and  hydraulic  lines  measured  at  four  microseconds  and 
80  microseconds.  Results  are  shown  in  Figs.  7.46  and 
7.47.  The  figures  show  that  during  the  initial  por¬ 
tion  of  the  strike,  the  skin  conducted  approximately 
74%  of  the  test  current  but  this  percentage  decreased 
to  29%  after  80  microseconds.  At  this  latter  time,  a 
large  portion  of  the  current,  which  had  been  originally 
conducted  by  the  skin,  was  now  being  conducted  by 
the  leading  edge  conduit,  control  cables,  and  hydraulic 
lines. 

The  higher  peak  amplitude  currents  conducted  by 
fuel  tank  plumbing  in  a  CFC  tank  present  additional 
challenges  for  the  designer.  While  plumbing  in  an  alu¬ 
minum  tank  may  conduct  currents  of  several  amperes 
or  even  hundreds  of  amperes,  plumbing  within  a  CFC 
tank  may  be  required  to  conduct  currents  of  several 
thousand  amperes.  Couplings  designed  for  plumbing 
of  metal  tanks  can  conduct  up  to  2500  amperes  with¬ 
out  sparking.  This  level  is  satisfactory  for  metal  tank 
designs  but  is  inadequate  for  the  thousands  of  am¬ 
peres  which  can  occur  within  a  CFC  tank.  Thus,  the 
designer  will  need  to  consider  alternatives  such  as  elec¬ 
trically  non-conductive  isolation  links  located  within 
the  plumbing  lines  at  appropriate  locations  or  com- 
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plete  replacement  of  metal  fuel  or  vent  lines  by  elec¬ 
trically  non-conductive  lines. 

If  electrically  non-conductive  lines  are  used,  the 
material  from  which  they  arc  fabricated  will  need  to  be 
doped  to  provide  a  minimal  level  of  electrical  conduc¬ 
tivity  (high  resistivity)  for  static  charge  dissipation. 
The  resistivity  of  the  material  should  be  of  the  order 
of  10®  ohm-centimeters.  If  this  is  not  done,  high  speed 
refueling  and  rapid  fuel  transfer  operations  could  build 
up  static  charges  on  these  lines  resulting  in  spark  dis¬ 
charges  within  the  tank. 

Fhel  and  vent  lines  which  conduct  currents  should 
be  carefully  designed  at  their  interfaces  with  the  struc¬ 
ture  to  contain  arc  and  spark  products  which  may  oc¬ 
cur.  The  performance  of  these  interfaces  should  be 
verified  by  tests  performed  at  the  maximum  current 
level  expected. 

Induced  voltages:  The  third  problem  faced  by  the  fuel 
tank  designer  of  a  CFC  tank  is  that  of  voltages  induced 
on  electrical  wiring  within  the  tank,  such  as  those  as¬ 
sociated  with  the  fuel  quantity  probes.  As  discussed  in 
§7.7.5,  induced  voltages  can  appear  between  all  of  the 
incoming  wires  and  the  airframe.  Since  the  shielding 
effectiveness  of  the  CFC  skin  is  lower  than  that  of  an 
aluminum  skin,  additional  care  must  be  taken  by  the 
designer  to  ensure  that  adequate  gaps  are  maintained 
between  the  active  electrodes  of  the  fuel  quantity  probe 
and  the  airframe. 


1  total  Aluminum 


Magnetic  field  intensity:  A  comparison  between  the 
magnetic  field  intensities  occurring  within  an  alu¬ 
minum  wing  and  those  occurring  within  a  CFC  wing 
was  made  during  tests  conducted  for  the  previously 
mentioned  NASA  program  [7.61].  The  magnetic  fields 
in  the  CFC  wing  were  3.0  to  3.7  times  larger  than  in 
a  comparable  aluminum  wing. 

Direct  arc  attachment:  The  problems  described 
above  must  be  addressed  during  the  design  of  both 
aluminum  and  CFC  fuel  tanks  but  are  more  difficult 
to  solve  for  CFC  tanks.  In  addition,  the  designer  must 
also  solve  the  problem  of  direct  lightning  arc  attach¬ 
ment  to  the  fuel  tank  external  skin.  The  problem  of  a 
possible  skin  melt-through  faced  by  the  designer  of  a 
metal  fuel  tank  becomes  the  problem  of  a  skin  punc¬ 
ture  for  the  designer  of  a  CFCLt&nk. 

The  CFC  material  is  composed  of  graphite  yarns 
and  epoxy  resin.  Since  the  melting  point  of  graphite 
2060°C  (3735°F)  is  much  higher  than  the  temperature 
at  which  pyrolysis  of  resin  occurs  160°C  (315#F),  at¬ 
tachment  of  the  lightning  arc  damages  the  CFC  by 
pyrolysis  and,  usually,  ignition  of  the  resin,  which  in 
turn  causes  gross  delamination.  Burning  of  the  resin 
then  leaves  the  entire  composite  in  disarray;  however, 
damage  is  generally  limited  to  that  which  is  visible  at 
the  attachment  point. 


1  total  CFC 


Fig.  7.45  Lightning  currents  in  plumbing  within  alu¬ 
minum  and  CFC  tanks. 

(a)  Total  current 

(b)  Current  in  structure 

(c)  Current  in  plumbing 
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Fig.  7.46  Current  distribution  patterns  in  a  CFC  wing. 

-  T  =  4  microseconds,  900  ampere  current 

-  Strike  to  the  static  discharger. 


-  T  =  4  microseconds,  900  ampere  current 


•  Strike  to  the  static  discharger. 


Graphite  epoxy  skins  0.150  inches  thick  will  gen¬ 
erally  be  capable  of  sustaining  a  severe  lightning  strike 
without  puncture  or  cracking.  Thinner  material,  or 
the  addition  of  primers  and  paints  to  the  exterior  sur¬ 
face,  will  lower  the  peak  current  amplitude  and  action 
integral  which  the  skin  can  successfully  sustain  with¬ 
out  creating  a  fuel  ignition  hazard.  Lightning  protec¬ 
tion  methods  might  need  to  be  employed.  These  may 
include  exterior  surface  protection  consisting  of  flame 
or  arc  spray  metals,  woven  wire  mesh,  metallized  fabric 
or  tape,  or  the  use  of  thin  wires  woven  into  the  outer 
ply  fabric.  The  protection  afforded  by  the  method  cho¬ 
sen  should  be  verified  by  test.  A  complete  discussion 
of  the  protection  methods  mentioned  shove  is  found 
in  Chapter  6. 

7.12  Non-Conductive  Tanks 


In  some  cases  electrically  non-conducthe  mate¬ 
rials,  such  as  fiberglass-reinforced  plastics  (FRP)  sue 
used  instead  of  metals  or  conductive  composites  for 


skins  of  fuel  tanks.  For  example,  the  light  aircraft  of 
Fig.  7.48  has  FRP  wing  tips  containing  fuel  tanks  con¬ 
taining  aviation  gasoline.  These  tanks  have  suffered 
several  in-flight  explosions  due  to  lightning  strikes. 
The  explosions  are  probably  the  result  of  these  tanks 
being  located  in  Zones  1A  and  2A. 

A  lightning  arc  that  contacts  an  aluminum  tank 
may  melt  through  the  skin,  while  one  that  attaches  to 
a  tank  made  of  conductive  composite  may  puncture 
the  skin.  For  a  tank  fabricated  of  electrically  non- 
conductive  material,  however,  the  lightning  flash  will 
either: 

1.  Puncture  the  skin  and  attach  to  an  electrically 
conductive  object  inside  the  skin  (tank),  or 

2.  Divert  around  the  non-conductive  skin  and  attach 
to  the  adjacent  conductive  skin  or  to  some  other 

object. 

It  the  arc  remains  on  the  exterior  surface,  it  is  not 
likely  that  the  skin  will  be  damaged  such  that  a  fuel 
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ignition  occurs.  The  current  is  not  being  electrically 
conducted  through  the  skin  and  the  hot  arc  does  not 
lie  close  enough  to  the  the  surface  to  burn  through  it. 
Usually  all  that  happens  is  that  the  surface  is  slightly 
singed. 

The  punctures  that  do  occur  may  be  explained  by 
the  basic  lightning  attachment  mechanism  described 
in  Chapters  3  and  6.  Obviously,  if  a  puncture  occurs 
through  an  integral  fuel  tank  wall,  fuel  is  placed  in 
direct  contact  with  the  lightning  arc,  and  ignition  is 
probable. 

Even  if  a  puncture  does  not  occur,  it  is  possible 
that,  an  internal  streamer  could  ignite  fuel  by  itself, 
though  this  has  not  been  proven  by  test.  Tests  have 
shown  that  corona  currents  (glow  discharge)  are  not 
capable  of  ignition.  Protection  against  ignition  there¬ 
fore  requires  that  two  basic  criteria  be  met: 

1.  Punctures  must  be  prevented. 

2.  Internal  streamers  should  be  prevented. 

These  criteria  are,  of  course,  in  addition  to  other 
requirements  such  as  elimination  of  ignition  sources 
from  strikes  to  vent  outlets  or  sparking  across  joints 
discussed  elsewhere  in  this  chapter. 


Pig.  7.48  General  aviation  aircraft  with  plastic 
wing  tips 


Prevention  of  puncture:  Successful  prevention  of  in¬ 
ternal  streamers  is  necessary  to  prevent  skin  punc¬ 
tures.  Because  streamers  form  most  readily  from  sharp 
conducting  edges  and  comers,  the  number  of  metal 
parts  inside  a  electrically  non-conductive  fuel  tank 
should  be  minimised  whenever  possible,  and  those  that 
remain  should  be  located  as  far  from  electrically  non- 
conductive  skins  as  possible  and  designed  with  smooth, 
rounded  edges  instead  of  sharp  points.  Puncture  of 
electrically  non  -conductive  skins  can  also  be  prevented 
through  the  use  of  several  possible  protection  materi¬ 
als,  as  was  discussed  more  thoroughly  in  Chapter  6. 
These  include: 


1.  Flame  or  arc  sprayed  metals. 

These  provide  very  effective  protection  with  a 
weight  penalty  of  approximately  0.5  kg/m2 
(0.1  lb /ft2).  Application  is  operator  dependent. 

2.  Woven  wire  mesh. 

Typically,  a  mesh  of  aluminum  wires,  47  to  79 
wires  per  cm  (120  to  200  per  inch),  is  used. 
Weight  penalty  is  approximately  0.25kg/m2  (0.05 
lb/ft2).  These  work  well  on  fiat  surfaces,  but  not 
on  compound  contour  surfaces. 

3.  Metallized  fibers. 

Metallized  fibers  of  aramid  resin  or  fiberglass  are 
used  for  the  surface  layer.  May  be  painted. 

A  more  detailed  discussion  of  the  above  protection 
methods  is  presented  in  Chapter  6. 

7.13  Fuel  System  Checklist 

A  considerable  amount  of  information  on  vari¬ 
ous  aspects  of  fuel  systems  has  been  presented  in  the 
preceding  paragraphs.  With  reference  to  these  para¬ 
graphs,  the  following  checklist  is  provided  to  summa¬ 
rize  key  points  and  to  focus  the  designer’s  attention  on 
the  important  aspects  of  fuel  system  lightning  protec¬ 
tion: 

1.  Are  the  fuel  tanks  located  in  Zones  I  and  2,  where 
lightning  strikes  may  directly  contact  their  skins? 
(Chapter  5).  If  so, 

(a)  What  is  the  expected  arc  dwell  time  on  these 
skins?  (§7.6). 

(b)  If  the  tank  is  of  metal  construction,  are  the 
skins  thick  enough  to  avoid  melt-through? 
(§7.6). 

(c)  If  the  tank  is  of  conductive  composite  con¬ 
struction,  is  adequate  protection  provided  to 
prevent  puncture?  (§7.8). 

(d)  Can  a  lightning  arc  attach  directly  to  an  ac¬ 
cess  door  or  filler  cap?  If  so,  can  the  lightning 
current  be  conducted  into  the  surrounding 
skin  without  arcing  inside  the  tank?  (§7.7). 

2.  Are  there  “dry  bay”  areas  into  which  fuel  may  leak 
from  adjoining  tanks  or  plumbing?  If  so,  these  are 
also  subject  to  questions  la,  lb,  lc,  and  Id. 

3  Are  fuel  vent  outlets  or  jettison  pipes  located  in 
direct  strike  zones  (Zones  IA  or  IB)  or  swept 
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flash  zones  ( Zones  2 A  or  2B)  where  the  lightning 
arc  may  attach  or  sweep  close  to  the  vent  outlet? 
(Chapter  5,  §7.4  and  §7.5).  If  so, 

(a)  Is  an  effective  flame  arrester  or  surge  tank 
protection  system  used?  Has  the  effective¬ 
ness  of  this  system  been  verified  by  test? 
(§7-4). 

(b)  Is  the  response  time  of  the  surge  tank  sup¬ 
pression  system  shorter  than  the  possible 
flame  propagation  time  from  the  sensor  to 
the  extinguisher?  (§7.4). 

(c)  Is  the  system  protected  from  false  trips  re¬ 
sulting  from  lightning-induced  voltages  in  its 
electrical  wiring  or  from  the  light  of  nearby 
flashes? 

4  If  electrically  non-conductive  skins  are  used,  is 
adequate  protection  provided  by  protective  sur¬ 
face  materials?  (§7.9). 

5.  Is  the  fuel  tank  structure  capable  of  conducting 
Zone  3  lightning  currents  even  if  the  tank  itself  is 
not  located  in  a  direct  or  swept  flash  zone?  Has 
this  been  demonstrated  by  a  test  in  which  simu¬ 
lated  lightning  currents  are  conducted  through  a 
complete  tank  structure?  (§7.7). 

6.  If  a  simulated  lightning  test  of  the  complete  tank 
assembly  is  not  feasible,  have  all  of  its  individ¬ 
ual  joints,  access  doors,  filler  caps,  drains,  vents, 
plumbing,  and  electrical  systems  been  tested  for 
their  ability  to  conduct  simulated  lightning  cur¬ 
rents  and  found  to  be  free  of  arcing?  (§7.5  and 
§7.7). 

7.  Are  electric  circuits  entering  the  fuel  tanks  pro¬ 
tected  against  high  induced  voltages?  (§7.7). 
Have  they  been  routed  away  from  other  wiring, 
such  as  navigation  lamp  circuits,  which  may  be 
susceptible? 

8.  Are  clearances  between  exposed  electrical  parts  or 
between  any  of  them  and  the  airframe  sufficient 
to  prevent  the  occurrence  of  sparks  from  induced 
voltages?  (§7.7). 

9.  Have  the  electrical  circuits  inside  the  tank  been 
adequately  shielded  so  that  excessive  induced 
voltages  will  not  occur?  (§7.7). 

10.  Have  applicable  government  airworthiness  certi¬ 
fication  regulations,  military  standards,  or  other 
specifications  pertaining  to  lightning  protection 
been  adhered  to?  (Chapter  5.) 


7.14  Tests  and  Test  Techniques  for  Fuel 
Systems 

Some  of  the  tests  appropriate  for  fuel  systems  are 
discussed  in  the  following  sections. 

7.14.1  Measurement  of  Electrical  Continuity 
and  Resistance 

Previous  discussions  on  fuel  tank  arcing  have 
described  the  need  for  good  electrical  contact  be¬ 
tween  mating  structural  elements  and  between  fuel  line 
plumbing  and  its  interface  with  structural  elements 
in  order  to  minimize  the  possibility  of  arcing.  For 
metal  tanks,  assurance  of  adequate  electrical  contact 
can  be  obtained  by  performing  electrical  bonding  mea¬ 
surements  between  appropriate  conducting  elements. 
These  measurements  may  be  performed  using  a  Kelvin 
bridge  or  equivalent. 

The  military  specification  on  electrical  bonding, 
MIL-B-5087B  [7.62],  specifies  that  for  Class  L  bonding 
(lightning  protection),  voltages  in  excess  of  500  volts 
shall  not  be  produced  during  application  of  currents  of 
200  kA.  This  specification  implies  that  the  maximum 
bonding  resistance  should  be  2.5  milliohms. 

Bonding  resistance  measurements  made  on  com¬ 
posite  structures  present  difficulties  not  encountered 
in  metal  structures.  While  adequate  electrical  contact 
can  be  made  between  a  metal  structure  and  measure¬ 
ment  leads  by  cleaning  the  contact  surface  of  finishes 
and  contaminants,  the  same  is  not  true  of  parts  con¬ 
structed  of  CFC  material.  The  epoxy  in  CFC  mate¬ 
rial,  of  course,  is  an  electrically  non-conductive  mate¬ 
rial  integrally  bound  with  the  electrically  conductive 
graphite  yarns. 

Surface  resin,  therefore,  may  prevent  electrical 
contact  from  being  made  with  the  graphite  yams.  A 
light  sanding  of  the  CFC  surface  may  expose  some 
of  the  graphite  yams  resulting  in  intermittent  or 
marginal  contact  with  a  flat-surfaced  test  probe.  If  a 
pointed  probe  is  used,  a  reading  will  be  obtained  only  if 

the  probe  point  contacts  one  of  the  graphite  strands. 
Since  structural  elements  of  CFC  will  be  adhesively 
bonded  in  the  majority  of  caaes,  the  electricall}  non- 
conductive  adhesive  will  cause  the  bond  line  resistance 
to  be  very  high  with  the  actual  resistance  depending 
on  the  degree  to  which  contact  is  made  across  the  bond 
line 

Tb  date  no  specific  guidelines  for  composite  bond¬ 
ing  measurements  have  been  included  in  Mil’BS087B. 

7.14.2  Testa  on  Indirklual  Items 

Federal  Aviation  Regulation*  parts  23,  25, 27,  and 
29  require  that  an  aircraft  fuel  system  be  designed  io 
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prevent  the  ignition  of  fuel  vapor  within  the  system. 
Tests  Eire  usuedly  needed  to  verify  that  the  possibility 
of  a  fuel  tank  explosion  has  been  minimized.  These 
tests  can  be  performed  on  pemel  specimens  represen¬ 
tative  of  sections  of  the  full  scale  fuel  tank  as  well  as 
on  individuad  plumbing  hairdware  items  such  as  a  fuel 
quantity  probe  or  fuel  line  couplings.  Once  these  tests 
have  been  performed  and  the  lightning  protection  de¬ 
sign  proved,  further  tests  on  a  full  sceile  tank  cam  be 
performed  for  certification.  This  may  not  be  practi- 
cad  for  all  cases.  Certification  in  these  cases  may  be 
baised  on  the  results  of  the  panel  specimen  and  plumb¬ 
ing  hardware  tests  as  well  as  on  anadyses  and  similarity 
to  previous  designs. 

Tests  which  may  be  performed  on  panel  specimens 
or  plumbing  hardwatre  include  the  following,  with  all 
tests  performed  in  accordance  [7.28J. 

Skin  thickness:  The  exterior  tank  skin  should  be 
tested  by  high  current  direct  attachment  tests  to  ver¬ 
ify  that  the  skin  thickness  and/or  protection  design  is 
sufficient  to  prevent  melt-through  of  a  meted  skin  or 
puncture  of  a  CFC  skin.  All  typiced  fillers,  primers, 
and  padnts  should  be  applied  to  the  skin  surface  since 
their  presence  is  a  factor  in  the  degree  of  damage  which 
occurs.  The  dwell  time  of  the  test  can  be  determined 
by  analysis  or  by  swept  stroke  tests. 

Access  doors:  A  typical  access  door  configuration 
should  be  fabricated  into  a  panel  specimen  and  tested 
by  high  current  arc  attachment  to  determine  if  arcs 
or  sparks  occur  on  the  interior  side  of  the  door.  This 
may  be  accomplished  by  attaching  the  panel  specimen 
to  one  end  of  a  light-tight  chamber,  as  shown  in  Fig. 
7.49,  with  cameras  located  within  the  chamber  at  the 
opposite  end.  With  the  chamber  sealed,  the  simulated 
lightning  arc  is  discharged  to  the  specimen  surface  dur¬ 
ing  which  time  the  camera  shutters  are  open  to  record 
any  arcs  or  sparks  which  may  occur.  Following  the 
test,  the  shutters  are  closed,  the  film  removed,  devel¬ 
oped  and  then  examined  for  light  spots  that  would 
indicate  the  possibility  of  arcs  or  sparks.  It  is  helpful 
to  use  both  Polaroid  and  35  mm  cameras,  since  the 
Polaroid  pictures  provide  instant  data  and  the  35  mm 
film  can  be  processed  after  the  test  aeries  is  complete. 

Arc  entry  tests  should  be  applied  to  the  center 
of  the  access  door  as  well  as  to  several  door  fasteners. 
These  tests  will  show  the  adequacy  of  the  access  door- 
to  adapter  gasket  seal  as  well  as  the  seals  of  the  door 
fasteners/dome  nuts  to  prevent  arcs  and  sparks  from 
entering  the  fuel  vapor  space.  These  specimens  may 
also  be  tested  with  a  flammable  fuel/stlr  mixture  in 
the  chamber  but,  should  an  ignition  occur,  it  would 
be  difficult  to  locate  its  source. 

Vent  outlets:  Simulated  strikes  to  a  vent  outlet  should 


be  performed  to  determine  if  fuel  vapor  ignition  can 
occur,  especially  if  the  outlet  is  located  in  a  direct 
strike  attachment  zone  on  the  aircraft.  This  may  be 
accomplished  by  striking  a  vent  outlet  structure  which 
contains  a  flammable  vapor  mixture.  If  am  ignition  oc¬ 
curs,  am  investigation  should  be  made  to  determine  the 
cause  of  the  ignition.  Possible  corrections  should  be  in¬ 
vestigated,  such  ais  incorporation  of  a  flame  arrestor  in 
the  design  if  one  does  not  exist.  If  no  ignition  occurs, 
the  vapor  should  be  ignited  manuadly,  by  a  spark  plug 
for  example,  to  verify  that  a  flammable  vapor  did  exist 
during  the  test.  The  tests  should  be  repeated  severed 
times  to  obtain  additional  information  as  to  the  ex¬ 
pected  probability  of  an  ignition. 


return 

Fig.  7.49  A  light-tight  chamber  for  fuel  tank 

component  eind  skin  arc  and  spaurk  tests. 

Drain  valve*:  A  typical  drain  valve/skin  interface 
panel  should  be  fabricated  and  tested,  These  tests 
may  consist  of  the  flammable  vapor  technique  in  which 
a  successful  test  result  is  the  absence  of  fuel  ignition  or 
by  the  light-tight  chamber  technique  in  which  the  ab¬ 
sence  of  visible  light  on  the  Polaroid  and  35mm  films 
indicates  the  lack  of  an  ignition  source. 

Fual  filler  caps:  A  panel  should  be  fabricated  which 
includes  the  fuel  filler  cap,  its  mating  adapter,  and 
the  adjacent  fuel  tank  skin.  All  gaskets  and  sealants 
associated  with  the  filler  cap  and  its  adapter  should 
be  present.  The  cap  may  be  tested  with  a  flammable 
vapor;  however,  the  photographic  technique  is  used 
more  often  since  it  is  difficult  to  determine  the  exact 
cause  of  a  failure  when  a  flammable  vapor  ignition  has 
occurred.  The  test,  involves  striking  the  cap  directly 
by  high  current  arc  entry. 

Fuel  fine  couplings:  As  mentioned  previously,  some 
fuel  line  couplings  can  couduct  currents  without  arc¬ 
ing  oi  sparking  at  current  levels  of  less  than  2500  am- 
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peres.  For  a  tank  constructed  of  CFC,  there  is  a  high 
probability  that  this  limit  will  be  exceeded  so  that  al¬ 
ternatives,  such  as  isolation  links  or  electrically  non- 
conductive  fuel  and  vent  lines  should  be  considered.  If 
the  expected  current  levels  in  the  plumbing  sire  low, 
as  in  a  metal  tank  for  example,  it  may  be  desirable 
to  evaluate  the  arc  threshold  level  of  the  couplings  to 
compare  with  the  currents  which  are  expected.  The 
arc  threshold  level  may  be  determined  by  inserting  the 
coupling  into  the  light-tight  chamber  described  previ¬ 
ously.  Initial  test  current  amplitudes  should  be  lower 
than  the  expected  arc  threshold  level  of  the  coupling 
with  subsequent  tests  performed  at  increasing  current 
amplitudes  until  arcs  are  detected.  Several  coupling 
samples  should  be  tested  to  obtain  a  range  of  spark 
threshold  levels. 

Fuel  quantity  probes:  Capacitance  type  fuel  quantity 
probes,  as  described  in  §7.9,  may  become  fuel  ignition 
hazards  if  the  voltage  potential  difference  developed 
between  them  and  the  adjacent  interior  tank  skin  sur¬ 
face  is  high  enough  to  result  in  an  air  gap  flashover. 
This  condition  is  most  likely  to  occur  in  a  fuel  tank 
constructed  of  CFC  because  of  the  high  IR  voltages 
which  can  develop  along  the  skin  during  a  lightning 
strike.  It  is  advisable  to  perform  voltage  flashover  tests 
on  a  typical  fuel  quantity  probe  since  the  curves  shown 
in  Fig.  7.27  can  only  be  considered  approximate. 

The  probe  to  be  tested  should  be  positioned  ad¬ 
jacent  to  a  simulated  fuel  tank  skin  surface  so  that  the 
test  setup  accurately  represents  actual  fuel  tank  probe 
to  skin  air  gap  dimensions.  Voltage  impulses,  such 
as  the  1.2  x  50  fia  voltage  waveform  B  of  [7.28]  and 
MIL-STD-1757A  [7.63],  should  be  applied  by  direct 
connection  to  the  probe  with  the  simulated  tank  skin 
connected  to  test  circuit  ground.  Initial  peak  voltage 
levels  applied  to  the  probe  should  be  lower  than  the  ex¬ 
pected  flashover  level,  with  subsequent  tests  performed 
at  increasingly  higher  levels  until  voltage  breakdown 
results  in  an  air  gap  flashover.  The  voltage  flashover 
level  determined  by  these  tests  must  be  adjusted  for 
the  air  pressure  level  at  cruising  altitude. 

7.14.3  Full  Scale  Ttests  on  Tanks 

Once  tests  have  been  completed  on  the  hard¬ 
ware  and  panel  specimens  described  above,  the  fuel 
tank  should  be  ready  for  full  scale  tests  to  verify  por¬ 
tions  of  the  design  which  cannot  be  obtained  from  the 
panel  and  hardware  tests.  These  include  measurement 
of  adhesive  bond  line  voltages,  current  amplitudes  in 
plumbing  and  vent  lines,  voltage  potential  differences 
between  fuel  quantity  probes  and  adjacent  fuel  tank 
skin,  and  evaluation  of  potential  ignition  sources  at 
access  doors,  fuel  filler  caps,  structural  interfaces,  fuel 


quantity  probes,  and  couplings  in  fuel  and  vent  lines. 

Measurement  of  voltage  and  current  on  wiring: 

Measurements  of  voltages  and  currents  induced  in  elec¬ 
trical  wiring  find  plumbing  located  within  the  tank 
should  be  made.  Test  currents  are  conducted  directly 
into  a  typical  lightning  attachment  location,  such  as 
the  wing  tip.  Current  return  wires  are  connected  to  a 
typical  current  exit  point,  such  as  the  wing  root  area. 
Positioning  of  the  return  wires  around  the  structure 
is  important  since  the  magnetic  fields  associated  with 
them  can  affect  the  magnetic  field  environment  within 
the  tank.  Ideally,  the  internal  tank  field  environment 
should  only  be  a  function  of  the  currents  in  the  tank 
skin  as  occurs  during  strike  attachment,  in  a  natural 
lightning  environment.  Return  wire  influence  can  be 
minimized  by  positioning  the  wires  in  a  radial  array 
around  the  aircraft  structure,  as  discussed  in  Chapter 
13. 

Measurement  of  current  on  plumbing:  If  possible, 
measurements  should  also  be  made  of  currents  in  fuel 
and  vent  lines  for  comparison  with  the  spark  threshold 
levels  determined  during  fuel  and  vent  line  hardware 
tests  and  also  for  comparison  with  analyses  of  the  cur¬ 
rent  levels  expected  in  these  ianks. 

Measurement  of  voltage  on  fuel  probes:  Voltage  dif¬ 
ferences  between  fuel  quantity  probes  and  the  adjacent 
interior  skin  surfaces  can  be  measured  and  compared 
to  the  voltage  breakdown  levels  determined  during 
tests  on  the  probes.  Measurements  at  five  fuel  probe 
locations  within  the  NASA  CFC  wing  showed  voltages 
ranging  from  1200  volts  at  the  wing  root  probe  to  3200 
volts  for  the  wing  tip  probe  when  currents  of  190  kA 
were  conducted  through  the  wing. 

Tests  to  determine  ignition  sources:  Ignition  source 
tests  should  be  performed  on  a  full  scale  wing  to  deter¬ 
mine  whether  couplings,  access  doors,  fuel  filler  caps 
and  adapters,  structural  interfaces,  or  fuel  quantity 
probes  located  within  the  tank  will  be  the  source  of 
fuel  ignitions.  Although  tests  will  most  likely  have 
been  performed  on  individual  fuel  tank  elements  to 
determine  arc  and  spark  threshold  levels,  it  is  also  rec¬ 
ommended  that  ignition  source  tests  also  be  performed 
on  a  full  scale  fuel  tank.  Current  densities  in  materi¬ 
als  and  current  amplitudes  in  structural  elements  are 
difficult  to  analyze  for  a  complex  full  scale  structure 
and  the  numerous  paths  that  can  exist  in  a  tank  can 
result  in  the  existence  of  several  locations  where  arcs 
or  sparks  could  occur.  Full  scale  tank  tests  can  also 
verify  the  adequacy  of  the  sealant  application  which  is 
usually  an  important  part  of  the  lightning  protection 
design.  A  more  detailed  discussion  of  procedures  for 
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arc  and  spark  source  detection  tests  is  given  in  §7.14.4. 

Measurement  of  adhesive  bond  line  voltage:  Ad¬ 
hesive  bond  line  voltages  should  be  as  low  as  possible, 
with  a  maximum  upper  limit  of  500  volts  as  speci¬ 
fied  by  MIL-B-5087B.  It  may  be  desirable  to  measure 
bond  line  voltages  when  the  opportunity  arises,  but 
the  tests  should  be  viewed  as  an  attempt  to  gain  engi¬ 
neering  data,  and  not  as  an  attempt  to  verify  a  design. 
The  only  way  to  know  if  bond  line  voltages  can  result 
in  arcs  or  sparks  is  to  conduct  full  level  tests  on  the 
wing. 

7.14.4  Detection  of  Internal  Arcs  and  Sparks 

The  most  important  tests  to  performed  on  a  full 
size  tank  involve  the  detection  of  potential  arc  and 
spark  sources  within  the  tank.  Areas  of  concern  in¬ 
clude  access  doors,  fuel  filler  caps  and  their  adapters, 
drain  valves,  couplings  in  fuel  and  vent  lines,  fuel  quan¬ 
tity  probes,  and  interfaces  between  electrically  conduc¬ 
tive  elements. 

Many  tests  will  be  required  because  of  the  nu¬ 
merous  areas  which  need  to  be  checked,  with  each 
of  them  performed  at  the  applicable  severe  lightning 
threat  current  level.  In  order  to  minimize  damage  to 
the  test  article,  the  majority  of  the  tests  should  be 
performed  by  directing  the  test  currents  into  the  test 
specimen  at  a  typical  attachment  point,  such  as  the 
wing  tip  area  for  a  wet  wing  tank.  Arc  attachment 
tests  must  also  be  made  to  a  wing  skin  area,  wing  tip, 
fuel  filler  cap,  vent  and  drain  valves,  access  doors  (to 
the  center  of  the  door  as  well  as  to  several  door  fasten¬ 
ers),  and  exterior  skin  fasteners  which  extend  to  the 
interior  of  the  tank. 

Detection  of  arcs  and  sparks  may  be  performed  by 
two  methods:  through  the  use  of  a  flammable  vapor 
mixture  or  by  the  photographic  technique. 

Flammable  vapor  tecta:  This  test  involves  placing  a 
flammable  vapor  in  the  tank  and  seeing  if  any  test  on 
the  tank  ignites  the  vapor.  The  method  is  more  suit¬ 
able  for  testing  structures  of  small  volume  than  it  is 
for  most  full  size  fuel  tanks.  If  the  volume  of  the  tank 
interior  is  small  enough,  it  may  be  desirable  to  per¬ 
form  the  tests  with  a  flammable  vapor  such  as  a  1.2 
stoichiometric  mixture  of  propane  and  air.  Suitable 
precautions  should  be  taken,  such  as  the  use  of  blow 
out  panels,  to  preclude  explosion  of  the  structure.  The 
fuel/air  mixture  technique  is  useful  if  the  tank  con¬ 
tains  numerous  interfaces  and  an  intricate  plumbing 
arrangement  such  that  a  camera  would  not  be  able  to 
view  all  of  the  areas  of  concern  during  the  tests. 

Advantages  and  disadvantagas:  Advantages  of  the 


fuel  vapor  ignition  technique  include  the  ability  to 
evaluate  tanks  of  complex  construction  or  tanks  with 
tightly  spaced  interiors,  and  the  ability  to  evaluate 
tanks  constructed  partially  or  completely  of  translu¬ 
cent  material.  Disadvantages  include  the  dangers  in¬ 
herent  in  working  with  flammable  vapors  which  in¬ 
clude  hazards  to  personnel  as  well  as  possible  damage 
to  the  test  article,  the  inability  to  pinpoint  the  cause 
of  an  ignition  should  one  occur,  and  the  need  for  large 
volumes  of  fuel  for  tests  on  large  tanks. 

Sensitivity  of  fuel  vapor  ignition  tests:  The  200  mi¬ 
crojoule  minimum  ignition  level  criterion  is  based  on 
the  Bureau  of  Mines  work  by  Lewis  and  Von  Elbe  and 
others.  However,  their  work  was  to  determine  mini¬ 
mum  ignition  characteristics  and  contained  no  infor¬ 
mation  on  conditions,  procedures,  or  statistics  related 
to  the  ignitions.  Tests  by  Crouch  [7.68]  showed  that 
the  probability  of  a  200  microjoule  ignition  under  op¬ 
timum  conditions  was  of  the  order  of  1  in  1000  to  1 
in  10,000.  Thus  the  200  microjoule  criterion  may  be 
too  severe  and  a  500  to  600  microjoule  level,  which 
occurred  between  1  and  10  percent  of  the  time,  may 
be  more  realistic. 

An  alternative  would  be  to  use  an  oxygen  rich 
mixture  (30%  oxygen)  to  detect  200  microjoule  sparks. 
Crouch  found  that  this  ratio  would  result  in  ignitions 
70-80%  of  the  time.  Whether  the  photographic  or  fuel 
vapor  ignition  technique  is  used  during  a  test  program 
will  depend  on  the  type  of  information  test  personnel 
wish  to  obtain  and  the  physical  configuration  of  the 
specimen  to  be  tested. 

Photographic  detection:  The  photographic  technique 
is  the  preferred  method  for  full  scale  testing.  Informa¬ 
tion  on  ignition  source  testing  using  the  photographic 
method  of  detection  is  described  in  §4.1.3  of  [7.28]  and 
§5.0  of  [7.63].  These  documents  state  that  the  visible 
light  emitted  from  a  source  of  ignition  can  be  detected 
on  photographic  film  having  a  light  sensitivity  rating 
of  ASA  3000  when  used  in  conjunction  with  a  camera 
whose  lens  is  set  to  an  aperture  of  f/4.7. 

Advantages  and  disadvantagas:  The  advantages  of 
the  photographic  method  are  that  it  is  safe,  able  to 
pinpoint  the  source  of  an  arc  or  spark,  can  be  used  to 
test  both  large  and  small  tanks  as  well  as  fuel  system 
components,  and  that  it  requires  a  minimum  amount 
of  equipment.  Disadvantages  include  the  inability  of 
cameras  to  view  all  areas  of  a  tank  due  to  tank  com¬ 
plexity  and  space  constraints,  the  marginal  ability  of 
the  camera/film  combination  to  detect  200  microjoule 
sparks,  the  possible  confusion  of  dust  on  the  photo¬ 
graph  as  a  minute  spark,  and  the  inability  to  detect 
arcs  and  sparks  when  all  or  part  of  the  material  of 
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which  the  test  article  is  constructed  is  translucent. 
Translucence  has  become  a  greater  problem  in  recent 
years  as  more  and  more  aircraft  parts  and  structural  el¬ 
ements  are  manufactured  of  plastics  or  composite  ma¬ 
terials. 

Film  and  cameras:  Several  small  cameras  (35mm  or 
Polaroid)  are  located  within  the  tank  to  view  as  much 
of  the  tank  interior  as  possible  for  each  test.  The  cam¬ 
eras  are  loaded  with  black  and  white  or  color  film  hav¬ 
ing  an  equivalent  sensitivity  rating  of  ASA  3000  and 
f/4.7.  This  can  be  accomplished  using  faster  films  and 
higher  f/stops  or  vice  versa. 

Color  film  has  some  advantages  over  black  and 
white  film.  Different  light  sources  might  produce  dif¬ 
ferent  colors  on  the  film.  The  light  from  a  spark  source 
might  record  as  blue  or  white,  while  the  light  transmit¬ 
ted  through  translucent  interior  tank  walls  may  show 
dull  red  or  yellow.  This  could  help  test  personnel  de¬ 
termine  the  nature  of  the  light  source.  An  example  of 
a  photograph  showing  light  from  an  ignition  source  in 
a  fuel  tank  is  shown  in  Fig.  7.50. 


Fig.  7.50  Photograph  obtained  during  full  scale 
fuel  tank  test. 

Existence  of  light  on  the  photograph 
indicates  that  an  ignition  source  may  be 
present. 

Tast  procedure:  In  order  to  minimize  the  number  of 
strikes  applied  to  the  fuel  tank  under  test  and  also  be 
able  to  view  all  the  potential  arc  and  spark  sources 
which  may  exist,  it  will  be  necessary  to  use  as  many 
cameras  as  practical  for  each  test.  The  procedures  are 
as  follows: 

1.  Position  each  camera  to  view  an  area  of  the  tank 
considered  to  contain  a  potential  arc  or  spark 
source.  The  cameras  should  be  held  in  position 


through  the  use  of  an  electrically  non-conductive 
material,  such  as  styrofoam,  which  can  be  placed 
between  the  cameras  and  the  tank  structure.  This 
material  will  also  electrically  isolate  the  cameras 
from  the  tank,  minimizing  the  possibility  of  arcing 
between  the  cameras  and  the  tank. 

2.  Illuminate  the  tank  interior  and  take  a  photo¬ 
graph  with  each  of  the  cameras.  This  procedure 
will  provide  background  photographs  which  show 
the  tank  areas  as  viewed  by  each  of  the  cameras. 
If  arcs  or  sparks  are  recorded  during  the  tests, 
these  background  photographs  will  be  helpful  in 
determining  their  locations. 

3.  Set  each  camera  lens  at  the  appropriate  aperture 
to  satisfy  the  lens  aperture/film  speed  require¬ 
ments  stated  in  the  test  documents. 

4.  Seal  each  area  in  which  a  camera  is  located  so  that 
it  is  light  -tight. 

5.  Open  and  lock  the  shutter  of  each  of  the  cameras 
to  keep  the  lenses  open. 

6.  Discharge  the  high  current  generator  into  the 
tank. 

7.  Close  the  camera  shutters. 

8.  Recock  the  camera  shutters  and  repeat  steps  1-7 
for  the  required  number  of  tests. 

Several  tests  may  be  performed  before  removing 
the  film  from  the  cameras.  Indications  of  light  on  the 
photographs  should  be  investigated  since  they  could 
represent  possible  ignition  sources.  If  it  is  determined 
that  a  light  source  is  the  result  of  an  arc  or  spark, 
corrective  measures  can  be  taken,  if  possible,  and  the 
test  repeated  to  determine  if  the  corrective  action  has 
eliminated  the  light  source. 

Sensitivity  of  photographic  detection:  Questions 
have  been  raised  about  the  reliability  of  the  pho¬ 
tographic  method  of  testing  and  the  200  microjoule 
spark  level  criterion  for  fuel  vapor  tests. 

The  photographic  method  of  arc  and  spark  detec¬ 
tion,  developed  in  the  late  1950’s  or  early  1960’s,  grew 
out  of  a  need  to  avoid  the  dangers  of  explosive  test¬ 
ing.  Initially  the  sparks  were  observed  manually,  but 
volunteers  were  not  always  available  to  sit  in  the  test 
chamber  with  the  test  piece.  Polaroid  photography 
was  employed  to  replace  the  observer.  At  that  time, 
Polaroid  camera  lenses  had  a  maximum  aperture  of 
f/4.7  and  the  film  had  a  light  sensitivity  rating  of  ASA 
3000.  No  data  had  been  gathered  to  correlate  spark 
energy  with  recorded  light  intensity,  but  the  f/4.7  lens 
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aperture  and  ASA  3000  film  speed  combination  was 
capable  of  detecting  the  light  seen  by  the  obsever. 

Recent  investigations  by  Crouch  and  Robb  [7.67] 
have  shown  that  a  200  micro  joule  spark  is  marginally 
detectable  at  distances  of  three  feet  with  the  f/4.7  lens 
aperturc/Polaroid  film  combination  described  above. 
For  a  35mm  camera/film  system,  the  200  microjoule 
spark  can  be  detected  at  camera-to-spark  distances 
up  to  nine  feet. 

Pats/Fail  criteria:  Generally,  a  failure  has  been  taken 
to  be  the  presence  of  light  on  the  test  film(s)  when  pho¬ 
tography  is  employed,  or  an  ignition  when  a  flammable 
vapor  is  used.  Neither  method  gives  a  quantitative  as¬ 
sessment  of  the  margin  by  which  the  test  specimen 
passed  or  failed.  The  test  results  do  not  give  any  in¬ 
dication  whether  a  slight  or  major  modification  to  the 
test  article  is  needed  for  it  to  pass.  Further  investiga¬ 
tions,  such  as  the  work  being  done  by  Crouch  for  the 
Naval  Air  Development  Center  [7.70],  may  provide  the 
information  needed  to  perfect  fuel  system  test  tech¬ 
niques. 

REFERENCES 

7.1  L.  J.  Nestor,  “Investigation  of  Turbine  Fuel  Flam¬ 
mability  Within  Aircraft  Fuel  Tanks”,  Final  Re¬ 
port  DS-67-7,  Aeronautical  Engine  Department, 
Naval  Air  Propulsion  Test  Center,  July  1967. 

7.2  Adapted  from  Nestor,  “Investigation  of  Turbine 
Fuel  Flammability",  ibid,  p.  8. 

7.3  Redrawn  from  Coordinating  Research  Council, 
Handbook  of  Aviation  Fuel  Properties,  CPC  Re¬ 
port  No.  530 ,  Second  Printing  May  1984,  p.  72. 

7.4  Adapted  from  Nestor,  “Investigation  of  Turbine 
Fuel  Flammability”,  op  cit,  p.  23. 

7.5  A.  R.  Bigelow,  M.  P.  Hebert,  H.  Jibilian,  “Electro¬ 
static  Field  Measurements  in  a  Foam  Filled  C-130 
Fuel  Tank  During  Fuel  Sloshing,"  International 
Aerospace  and  Ground  Conference  on  Lightning 
and  Static  Electricty,  Dayton,  OH,  June  23-26, 
1986,  pp.  47-1  -  47-6. 

7.6  W.  Q.  Brookley,  “SAF  C-141  and  C-135  Fuel 
Tank  Nitrogen  Inerting  Tests,”  Report  of  the  Sec¬ 
ond  Conference  on  Fuel  System  Fire  Safety,  6 
and  7  May  1970,  Federal  Aviation  Administra¬ 
tion,  1970,  p.  75. 

7.7  Von  Elbe,  G.,  Lewis,  B.,  et  al.,  “Ignition  of  Ex¬ 
plosive  Gas  Mixtures  by  Electric  Sparks”,  Third 
Symposium  on  Combustion  &  Flame  &  Explosion 
Phenomena,  Baltimore:  Williams  &  Wilkins  Co., 
1949. 

7.8  K.  E.  Crouch,  “Aircraft  Fuel  System  Lightning 
Protection  Design  and  Qualification  Test  Proce¬ 
dures  Development  Investigation  of  Fuel  Ignition 


Sources",  NADC-86100-20,  August  1986,  Naval 
Air  Development  Center. 

7.9  M.  M.  Newman  and  J.  D.  Robb,  “Investigations 
of  Minimum  Corona  Type  Currents  for  Ignition  of 
Fuel  Vapor,”  NASA  Technical  Note  D-440 ,  June, 
1960. 

7.10  “Investigations  of  Mechanisms  of  Potential  Air¬ 
craft  Fuel  Tank  Vent  Fires  and  Explosions  Caused 
by  Atmospheric  Electricity,"  Final  Report  un¬ 
der  Contract  No.  NA  Sr-59,  prepared  by  the 
Lockheed-California  Company,  for  the  National 
Aeronautics  and  Space  Administration,  May  31, 
1963. 

7.11  Redrawn  from  “Investigations  of  Mechanisms  of 
Potential  Aircraft  Fuel  Tank  Vent  Fires,”  ibid,  p. 
84. 

7.12  Redrawn  from  “Investigations  of  Mechanisms  of 
Potential  Aircraft  Fuel  Tank  Vent  Fires, ”op  cit, 
p.  90. 

7.13  Redrawn  from  “Investigations  of  Mechanisms  of 
Potential  Aircraft  Fuel  Tank  Vent  Fires”,  p.  123. 

7.14  Civil  Aeronautics  Board  Aircraft  Accident  Re¬ 
port,  Boeing  707-121,  N709PA,  Pan  American 
World  Airways,  Inc.,  near  Elkton,  Maryland,  De¬ 
cember  8,  1963,  File  No.  1-0015,  adopted  Febru¬ 
ary  25,  1965. 

7.15  C.  C.  Bolta,  R.  FViedman,  G.  M.  Griner,  M. 
Markets,  Jr.,  M.  W.  Tobriner,  and  G.  von  Elbe, 
“Lightning  Protection  Measures  for  Aircraft  Fuel 
Systems,  Phase  II,”  Technical  Report  ADS-18, 
prepared  by  the  Atlantic  Research  Corporation 
with  the  Lightning  and  Transients  Research  Insti¬ 
tute  for  the  Federal  Aviation  Agency,  May  1964. 

7.16  Based  on  Bolta  et  al,  “Lightning  Protection  Mea¬ 
sures”  ,  ibid,  pp.  22  and  B-3. 

7.17  Bolta  et  al,  “Lightning  Protection  Measures”,  ex¬ 
cerpted  from  Proposal  No.  PS-139,  Fenwal,  Inc., 
Ashland,  Massachusetts  ,  pp.  70-79  and  C-l  to 
C-3,  January  23,  1964. 

7.18  Bolta  et  al,  “Lightning  Protection  Measures", 
ibid,  pp.  116-149. 

7.19  M.  M.  Newman,  J.R.  Stahmann,  and  J.  D.  Robb, 
“Airflow  Velocity  Effects  on  Lightning  Ignition  of 
Aircraft  Fuel  Vent  Efflux”,  FA  A  Final  Report  DS- 
67-9,  prepared  by  the  Lightning  and  Transients 
Research  Institute,  with  Consultant  Staff  Coop¬ 
eration  of  the  Atlantic  Research  Corporation,  for 
the  Federal  Aviation  Administration,  July  1967. 

7.20  Newman,  Stahmann,  and  Robb,  “Airflow  Velocity 
Effects” ,  ibid,  pp.  10-20. 

7.21  Redrawn  from  F.  L.  Hester,  M.  Gerstein.  and  J. 
A.  Plumer,  “A  Study  of  Aircraft  Fire  Hazards 
Related  to  Natural  Electrical  Phenomena”, NASA 
CR-1076,  prepared  by  Dynamic  Science  for  the 


220 


National  Aeronautics  and  Space  Administration, 
Department  of  Transportation,  June  1968,  p.  75. 

7.22  J.  P.  Gillis,  “Study  of  Flame  Propagation  through 

Aircraft  Vent  Systems”,  Final  Report  NA-69-32, 
prepared  by  Fenwal,  Inc.,  Walter  Kidde  and  Co., 
for  the  National  Aviation  Facilities  Experimen¬ 
tal  Center,  Federal  Aviation  Administration,  May 
1969.  1 

7.23  Redrawn  from  Gillis,  “Study  of  Flame  Propaga¬ 
tion”,  ibid,  pp.  21,  22.  j, 

7.24  Gillis,  “Study  of  Flame  Propagation”,  ibid,  p.  23. 

7.25  Gillis,  “Study  of  Flame  Propagation”,  ibid,  p.  35. 

7.26  Federal  Aviation  Administration,  Advisory  Circu¬ 
lar  AC  20-53A,  “Protection  of  Airplane  Riel  Sys¬ 
tems  Against  Fuel  Vapor  Ignition  Due  to  Light¬ 
ning”,  April  12,  1985. 

7.27  Federal  Aviation  Administration,  User’s  Manual 
for  AC-20-53A,  “Protection  of  Airplane  Fuel  Sys¬ 
tems  Against  Riel  Vapor  Due  to  Lightning” ,  Oc¬ 
tober  1984 

7.28  Society  of  Automotive  Engineers,  Warrendale, 
Pennsylvania,  “Lightning  Test  Waveforms  and 
Techniques  for  Aerospace  Vehicles  and  Hardware” , 
20  June  1978. 

7.29  Crouch,  “Aircraft  Fuel  System  Lightning  Protec¬ 
tion”,  op  cit,  pp  6-6  to  6-9. 

7.30  R.  O.  Brick,  “A  Method  for  Establishing  Light¬ 
ning-Resistance  /  Skin-Thickness  Requirements 

for  Aircraft,”  Lightning  and  Static  Electricity 
Conference,  3-5  December  1968,  pp.  295-317. 

7.31  L.  L.  Oh  and  S.  D.  Schneider,  “Lightning  Strike 
Performance  of  Thin  Metal  Skin,”  Proceedings  of 
the  1975  Conference  on  Lightning  and  Static  Elec¬ 
tricity,  14-17  April  1975,  at  Culhain  Laboratory, 
England. 

7.32  Redrawn  from  L.  Oh  and  S.  Schneider,  “Lightning 
Strike  Performance,”  op  cit,  p.  12. 

7.33  Kester,  Gerstein,  and  Plumer,  “A  Study  of  Air¬ 
craft  Fire  Hazards  ,”  op  cit,  p.  39. 

7.34  Redrawn  from  L.  0’n  and  S.  Schneider,  “Lightning 
Strike  Performance,”  p.12. 

7.35  T.  S.  Lee,  W.  Y.  Su,  “Transient  Spark-Arc  Hot¬ 
spot  Keating  on  Metallic  and  Reinforced  Compos¬ 
ite  Skins,”  International  Aerospace  and  Ground 
Conference  on  Lightning  and  Static  Electricty, 
Orlando,  FL,  June  26-28,  1984,  pp.  27-1  -  27-9. 

7.36  E.  H.  Schulte,  W,  T.  Walker,  “Rear  Surface 
Temperature  Measurement  of  Aircraft  Materials 
Subjected  to  Zone  2A  Lightning  Strikes,"  Inter¬ 
national  Aerospace  and  Ground  Conference  on 
Lightning  and  Static  Electricty,  Orlando,  FL, 
June  26-28,  1984,  pp.  31-1  -  31-12. 


7.37  K.  G.  Lovstrand,  B.  Olsson,  B.  Wahlgren  and  L. 
Anderson,  “Lightning  Test  of  a  CFC  Wing  Skin,” 
International  Aerospace  and  Ground  Conference 
on  Lightning  and  Static  Electricity,  Orlando,  FL, 
June  26-28,  1984,  pp.  30-1  -  30-9. 

7.38  G.  Olsen,  R.  Force,  and  J.  Lauba,  “Ignition  Haz¬ 
ard  Study  of  Advanced  Composite  Fuel  Thnk,” 
Report  D180-25598-1,  Boeing  Military  Airplance 
Co.  Seattle,  WA,  May,  1980. 

7.39  Protection  of  Aircraft  Fuel  Systems  Against  Light¬ 
ning,  Federal  Aviation  Administration,  Advisory 
Circular  AC  20-53,  October  1967. 

7.40  R.  O.  Brick,  L.  L.  Oh,  and  S.  D.  Schneider,  “The 
Effects  of  Lightning  Attachment  Phenomena  on 
Aircraft  Design,”  1970  Lightning  and  Static  Elec¬ 
tricity  Conference,  9-11  December,  pp.  139-156. 

7.41  J.  A.  Plumer,  “Lightning  Effects  on  General  Avi¬ 
ation  Aircraft,”  FAA-RD-73-99,  Federal  Aviation 
Administration,  October  1973,  pp.  21-44. 

7.42  J.  D.  Robb,  J.  R.  Stahmann,  and  M.  M.  New¬ 
man,  “Recent  Developments  in  Lightning  Protec¬ 
tion  for  Aircraft  and  Helicopters,”  1970  Lightning 
and  Static  Electricity  Conference,  pp.  25-35. 

7.43  B.  D.  Fisher,  G.  L.  Keyser,  Jr.,  P.  L.  Deal,  “Light¬ 
ning  Attachment  Patterns  and  Flight  Conditions 
for  Storm  Hazards,  1980,”  NASA  Technical  Paper 
2087,  December,  1982. 

7.44  D.  H.  McClenahan  and  J.  A.  Plumer,  “Protec¬ 
tion  of  Advanced  Composites  Against  the  Di¬ 
rect  Effects  of  Lightning  Strikes,”  International 
Aerospace  Conference  on  Lightning  and  Static 
Electricity,  Vol.  II,  Oxford,  23  -  25  March,  1982, 
G3-1  -  G3-9. 

7.45  K.  Berger,  “Development  and  Properties  of  Posi¬ 
tive  Lightning  Flashes  at  Mount  S.  Salvatore  with 
a  Short  View  to  the  Problem  of  Aviation  Pro¬ 
tection,”  Proceedings  of  the  1975  Conferer.ee  on 
Lightning  and  Static  Electricity,  14-17  April  1975, 
at  Culham  Laboratory,  England,  p.7. 

7.46  Crouch,  “Aircraft  Fuel  System  Lightning  Protec¬ 
tion”,  op  cit,  pp.  6-6  to  6-9. 

7  47  M.  M.  Newman,  J.  D.  Robb,  and  J.  R.  Stahmann, 
“Lightning  Protection  Measures  for  Aircraft  Fuel 
Systems-Phase  I,”  FAA  ADS-17,  prepared  by  the 
Lightning  and  TVansients  Institute  for  the  Federal 
Aviation  Agency,  May  1964,  pp.  22-44. 

7.48  J.D.  Robb,  E.L.  Hill,  M.M.  Newman,  and  J.R. 
Stahmann,  “Lightning  Hazards  to  Aircraft  Riel 
Tanks,”  Technical  Note  4362,  National  Advisory 
Committee  for  Aeronautics,  Washington,  D.C. 
September  1938,  pp.  12-14. 

7.49  L.  E.  Short,  “Electrical  Bonding  of  Advanced  Air¬ 
plane  Structures,"  Lightning  and  Static  Electric¬ 
ity  Conference,  3-5  December  1968,  pp.  425- 


221 


441:433. 

7.50  J.E.  Pryzby  and  J.A.  Pluraer,  “Lightning  Pro¬ 
tection  Guidelines  and  Test  Data  for  Adhesively 
Bonded  Aircraft  Structures,”  NASA  Contractor 
Report  3762,  pp.  33-35,  January  1984. 

7.51  J.  A.  Plumer,  “Lightning-Induced  Voltages  in 
Electrical  Circuits  Associated  with  Aircraft  Fuel 
Systems,”  Report  of  Second  Conference  on  Fuel 
System  Fire  Safety,  6  and  7  May  1970,  Flight 
Standards  Service,  Engineering  and  Manufactur¬ 
ing  Division,  Federal  Aviation  Administration, 
Washington,  D.C.  (1970),  pp.  171-191. 

7.52  J.  D.  Cobine,  Gaseous  Conductors:  Theory  and 
Engineering  Application  New  York:  Dover  Publi¬ 
cations,  1958,  p.  164. 

7.53  Newman,  Robb,  and  Stahmann,  “Lightning  Pro¬ 
tection  Measures,”  op  cit,  p.15,  21-44. 

7.54  Plumer,  “Lightning  Induced  Voltages,”  op  cit,  pp. 
176-178,  187-191. 

7.55  Mahoney,  J.W.,  Bush,  C.A.,  and  Dickerson,  E.O., 
“Aircraft  Integral  Fuel  Tank  Design  Handbook,” 
Report  AFFDL-TR-79-3047,  Air  Force  Flight  Dy¬ 
namics  Laboratory,  pp.  3-11. 

7.56  J.E.  Pryzby  and  J.A.  Plumer,  “Lightning  Protec¬ 
tion  Guidelines  ”,  op  cit  p.  133. 

7.57  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
p.  107 


7.58  Pryzby,  “Lightning  Protection  Guidelines,"  ibid, 
p.  165. 

7.59  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
p.  142. 

7.60  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
p.  143. 

7.61  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
pp.  167-169. 

7.62  Bonding,  Electrical,  and  Lightning  Protection,  for 
Aerospace  Systems,  MIL-B-5087B,  ,  31  August 
1970. 

7.63  Lightning  Qualification  Test  Techniques  for  Aero¬ 
space  Vehicles  and  Hardware,  MIL-STD-1757A, 
20  July  1983. 

7.64  Pryzby,  “Lightning  Protection  Guidelines,”  op 
cit,  p.  66 

7.65  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
p.  147 

7.66  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
p.  154 

7.67  Pryzby,  “Lightning  Protection  Guidelines,”  ibid, 
pp.  27-33 

7.68  Crouch,  “Aircraft  Fuel  System  Lightning  Protec¬ 
tion  Design”,  op  cit,  pp.  3-18  to  3-28. 

7.69  Crouch,  “Aircraft  Fuel  System  Lightning  Protec¬ 
tion  Design,”  op  cit,  p.  5. 

7.70  K.  E.  Crouch,  Work  in  progress,  not  yet  reported. 


CHAPTER  8 


INTRODUCTION  TO  INDIRECT  EFFECTS 


8.1  Introduction 

The  previous  chapters  have  dealt  with  the  direct 
effects  of  lightning,  but  the  remaining  chapters  will 
deal  with  indirect  effects.  The  term  indirect  effects 
of  lightning  refers  to  the  damage  to  or  malfunction  of 
electrical  equipment  that  results  from  lightning  flashes. 
These  effects  may  range  from  tripped  circuit  break¬ 
ers  to  computer  upset,  to  physical  damage  of  input  or 
output  circuits  of  electronic  equipment.  There  may  be 
other  indirect  effects  of  lightning  flashes  that  pertain 
to  aircraft  safety,  such  as  flash  blindness  of  the  crew  or 
acoustic  shock  waves.  These  effects,  however,  are  not 
treated  in  this  chapter.  Included  in  this  definition  and 
discussed  here  are  the  voltages  and  currents  induced 
by  lightning  on  the  electrical  wiring  of  the  aircraft,  ir¬ 
respective  of  whether  or  not  such  voltages  and  currents 
cause  damage  or  upset  of  electrical  equipment. 

This  chapter  is  intended  as  an  introduction  to  the 
chapters  that  follow.  In  it  will  be  explained,  briefly, 
some  of  the  electrical  phenomena  involved  along  with 
a  discussion  of  the  program  steps  that  must  be  taken 
to  deal  successfully  with  the  indirect  effects.  Some  of 
the  measurements  that  have  been  made  on  aircraft  to 
determine  the  nature  of  indirect  effects  will  also  be 
reviewed.  Most  of  the  subjects  that  will  be  discussed 
here  will  be  discussed  in  more  detail  in  later  chapters. 

8.2  Industry  Activities 

Some  overview  of  industry  activities  is  worthwhile 
because  this  volume  can  review  only  a  small  fraction 
of  the  material  available  on  the  indirect  effects  of  light¬ 
ning.  The  discussions  in  this  and  the  following  chap¬ 
ters  will  cite  various  references,  but  certain  groups  of 
documents  are  particularly  important  for  further  at¬ 
tention. 

EMI/EMC:  Many  of  the  practices  involved  in  the  con¬ 
trol  of  lightning  indirect  effects  are  the  same  as  those 
involved  in  classical  electromagnetic  interference  and 
electromagnetic  compatibility  and  generally  one  can 
say  that  the  practices  that  are  good  for  control  of  light¬ 
ning  indirect  effects,  grounding,  bonding  and  shielding 
are  also  good  for  control  of  EMI/EMC  problems.  This 
is  not  to  say  that  they  are  the  same  and  certainly  not 
to  say  that  attention  to  control  of  EMI/EMC  prob¬ 
lems  will  prevent  problems  of  lightning.  Some  of  the 
practices  and  mythology  that  have  developed  in  fact 
impede  solution  of  lightning  problems.  The  classical 


EMI  practice  of  grounding  wire  shields  at  only  one  end 
is  perhaps  the  most  important,  a  subject  discussed  in 
Chapter  16. 

Speaking  very  broadly,  analytical  tools  and  test 
techniques  developed  for  EMI/EMC  are  not  particu¬ 
larly  applicable  to  lightning  indirect  effect  problems, 
principally  because  lightning  is  a  time  domain  phe¬ 
nomenon  and  most  EMI/EMC  activities  deal  with  the 
frequency  domain.  Practices  related  to  narrow  band 
RF  emission  and  absorption  may  not  adequately  deai 
with  time  domain  voltages  and  currents  of  magnitude 
sufficient  to  burn  out  electrical  components. 

NEMP:  Nuclear  electromagnetic  pulse,  NEMP,  activi¬ 
ties  have  had  a  great  influence  on  lightning  indirect  ef¬ 
fects,  partly  because  that  activity  has  been  well  funded 
and  partly  because  NEMP  is  a  time  domain  phenome¬ 
non,  as  is  lightning.  Virtually  all  of  the  analytical  work 
on  indirect  effects  has  been  influenced  by  the  work 
done  in  the  field  of  NEMP.  Most  computer  codes  of 
use  for  lightning  analyses  in  aircraft  were  originally  de¬ 
veloped  for  NEMP  and  most  of  the  analytical  analyses 
dealing  with  coupling  through  apertures  were  refined 
and  disseminated  in  connection  with  NEMP.  Perhaps 
the  best  single  summary  of  that  analytical  work  is  [8.1]. 
It  contains  numerous  references  to  the  most  important 
of  the  original  works. 

Test  techniques  developed  for  NEMP  have  also  in¬ 
fluenced  those  for  lightning.  This  is  particularly  true 
of  bench  tests  in  which  current  and  voltage  are  in¬ 
jected  into  electronic  equipment  and  the  interconnect¬ 
ing  wiring.  Some  of  the  test  levels  and  waveshapes  that 
appear  in  purchase  specifications  regarding  lightning 
are  virtually  the  same  as  those  developed  for  NEMP. 

All  of  the  work  related  to  voltage  and  current 
levels  necessary  to  damage  semiconductors  (Wunsch 
analyses)  have  also  come  from  the  NEMP  community. 
Some  of  that  work  is  reviewed  in  Chapter  17 

AEHP:  A  comprehensive  review  of  work  dealing  with 
lightning  indirect  effects  was  conducted  the  Atmo¬ 
spheric  Electricity  Hazard  Program  organized  by  the 
US  Air  Force  with  Boeing  Military  Airplane  Com¬ 
pany  as  the  prime  contractor.  In  that  program  reviews 
were  conducted  of  the  lightning  environment  and  the 
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threat  presented  to  aircraft,  protection  concepts  were 
reviewed  and  protection  specifications  were  prepared 
for  two  testbed  aircraft,  an  F-14A  fighter  aircraft  and  a 
YUH-61  helicopter.  The  program  did  not  fund  any  re¬ 
search  activities.  Instead,  it  collected  materials  devel¬ 
oped  under  other  programs,  sponsored  various  work¬ 
shops  to  review  the  material  and  assembled  them  into 
a  five  part  series  of  reports  [8.2  -  8.6],  each  of  which 
should  be  studied  by  the  readers  of  this  volume. 

The  AEH  program  dealt  mostly  with  indirect  ef¬ 
fects  of  lightning,  direct  effects  having  been  excluded 
from  its  charter.  Direct  effects  were  understood  to  be 
important  and  readers  of  the  reports  were  cautioned 
to  be  aware  of  the  necessity  of  dealing  with  direct  ef¬ 
fects.  A  limited  review  of  direct  effects  was  made  [8.7], 
but  no  attempt  was  made  to  develop  engineering  data 
relating  to  direct  effects. 

SAE  Committee  activities:  A  group  that  has  been 
charged  with  reviewing  lightning  design  and  test  prac¬ 
tices  and  with  developing  standards  and  advisory  doc¬ 
uments  is  the  Society  of  Automotive  Engineers  (SAE) 
Committee  AE4L.  Members  of  this  committee  have 
included  representatives  from  all  areas  of  the  US  air¬ 
craft  industry;  manufacturers,  the  military,  certifying 
agencies  and  test  laboratories.  It  has  also  included 
representatives  from  the  European  countei  parts  of  the 
US  aircraft  industry;  this  with  the  aim  of  coordinating 
US  and  European  activities  and  promoting  agreement 
between  various  certifying  agencies. 

Part  of  the  SAE  charter  has  been  to  draft  doc¬ 
uments  that  are  ultimately  issued  as  FAA  Advisory 
Circulars  and  military  standards.  One  such  document 
[8.R1  has  previously  been  cited  in  connection  with  di- 
rei-t,  effects.  Other  documents  include  [8.9]  and  [8.10]. 
Much  of  the  material  from  the  SAE  activities  has  been 
incorporated  into  a  Military  Standard  [8.11]. 

FAA  and  NASA  research:  Both  FAA  and  NASA  have 
funded  research  oriented  toward  indirect  effects.  As 
examples,  NASA  funded  the  initial  development  [8.12] 
of  the  Lightning  Transient  Analysis  (LTA)  test  tech¬ 
nique  to  determine  voltages  and  currents  induced  on 
aircraft  wiring  by  lightning.  The  FAA  has  sponsored 
tests  [8.13]  to  compare  results  using  several  test  tech¬ 
niques,  including  the  LTA  technique. 

8.3  Steps  in  a  Control  Program 

Control  of  the  indirect  effects  generally  requires 
subjecting  portions  of  the  aircraft  electrical  and  elec¬ 
tronic  systems  to  controlled  tests  in  the  laboratory. 
The  control  cannot  be  done  only  by  analysis  or  by  re¬ 
liance  on  field  experience,  any  more  than  control  of 
other  EMI/EMC  problems  can  be  controlled  only  by 
analysis;  the  aircraft  systems  and  the  aircraft  inter¬ 


actions  are  too  complex  for  that.  One  of  the  tasks 
that  must  be  done  is  determining  appropriate  levels 
at  which  to  conduct  tests  of  the  aircraft  equipment, 
these  being  called  equipment  transient  design  levels 
(ETDLs).  Electronic  equipment  in  an  aircraft  is  ex¬ 
posed  to  only  a  portion  of  the  energy  of  the  lightning 
flash,  not  its  full  effects.  Analyzing  how  the  lightning 
energy  divides  (and  how  it  is  manifested)  can  be  called 
a  Howdown  process,  though  the  term  is  not  universally 
recognized. 

The  problem  of  analysis  and  control  of  indirect 
effects  is  a  complex  one,  but,  fortunately,  analysis  can 
be  divided  into  several  stages.  These  stages  are  illus¬ 
trated  in  Fig.  8.1.  The  overall  task  is  to  determine 
how  the  lightning  current,  II,  leads  to  voltages  and 
currents  on  the  internal  wiring.  The  individual  tasks 
in  a  program  to  control  the  indirect  effects  of  lightning 
can  be  divided  as  follows: 

1.  Determine  the  amplitude  and  waveform  of  the 
current  and  electromagnetic  fields  external  to  the 
aircraft. 

2.  Determine  the  structural  IR  voltages  and  the  in¬ 
ternal  electromagnetic  fields. 

3.  Determine  the  response  of  the  wiring  of  the  air¬ 
craft  to  those  voltages  and  fields;  that  is,  deter¬ 
mine  the  voltages  and  currents  induced  on  the 
wiring. 

4.  Determine  the  response  of  electrical  equipment  to 
the  voltages  and  currents;  that  is,  identify  circuits 
susceptible  to  either  upset  or  damage. 

5.  Design  and  incorporate  protective  measures. 

6.  Conduct  laboratory  tests  to  prove  immunity. 
Organization  of  subsequent  chapters:  Broadly  speak¬ 
ing,  item  1  above  is  discussed  in  Chapter  10,  item  2 
in  Chapters  11  and  12,  items  3  and  4  in  Chapters  13 
and  14,  item  5  in  Chapters  15  and  16  and  item  6  in 
Chapter  18.  The  various  steps  in  the  process,  reduced 
to  the  form  of  a  flow  chart,  are  shown  in  Fig.  8.2. 
The  section  numbers  on  the  figure  refer  to  the  AEHP 
design  guide  [8.14]. 

Background  material:  There  are  a  number  of  mis¬ 
cellaneous  points  regarding  electrical  and  mathemat¬ 
ical  concepts  involved  in  analysis  of  indirect  effects 
and  these  are  reviewed  and  consolidated  in  Chapter  9, 
rather  than  being  introduced  piecemeal  in  later  chap¬ 
ters.  Some  of  the  points  discussed  in  Chapter  9,  par¬ 
ticularly  the  mathematical  operations,  are  included  for 
general  reference  since  they  are  encountered  in  analyt¬ 
ical  works  dealing  with  electromagnetic  phenomena. 
Not  all  of  them  are  explicitly  used  in  the  chapters  that 
follow. 
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Fig.  8.1  Steps  in  controlling  indirect  effects. 

(a)  Determining  the  external  environment 

(b)  Determining  the  internal  environment 

(c)  Determining  the  response  of  cables 

(d)  Determining  the  response  of  terminal 
equipment 

(e)  Conducting  verification  tests 

Loose  coupling:  The  stages  in  the  analysis  can  be 
separated  because  the  aircraft  and  the  wiring  in  it  are 
only  loosely  coupled;  meaning  only  that  lightning  af¬ 
fects  the  electrical  wiring,  but  that  the  exact  response 
of  the  wiring  has  no  practical  reverse  effect  on  the  am¬ 
plitude  or  waveshape  of  the  lightning  current.  There 
are  situations  where  this  may  not  be  completely  true 
and  these  are  discussed  in  Chapter  10. 

Statu*  of  standards  and  specifications:  The  arts  of 
analysis  and  control  of  indirect  effects  are  still  evolv¬ 
ing.  Accordingly,  the  analytical  procedures  to  be  de¬ 
scribed  are  not  as  simple  or  as  well  developed  as  might 
be  desired.  Test  practices,  test  procedures  and  test 
specifications  likewise  are  still  evolving.  One  result 
of  this  is  that  specifications  for  design  and  test  are 
frequently  incomplete,  or  stated  in  such  a  way  as  to 
force  unnecessary  or  overly  expensive  design  and  test 
practices.  Some  of  them  neglect  important  aspects  of 
lightning  interactions  with  a  result  that  systems  may 
be  put  into  practice  without  real  lightning  problems 
having  been  addressed.  Some  examples  of  these  will 
be  given  in  later  chapters,  along  with  discussions  of 


good  and  bad  points  of  typical  standards  and  specifi¬ 
cations. 

8.4  Lightning  vs  Nuclear  EMP 

The  art  of  analysis  of  lightning  interactions  has 
been  influenced  by  research  into  NEMP  and  protective 
measures  and  test  techniques  have  likewise  been  influ¬ 
enced  by  NEMP.  Lightning  and  NEMP  have  certain 
similarities  in  their  effects,  but  there  are  differences 
as  well.  Many  of  the  practices  that  might  be  adopted 
for  control  of  NEMP  effects  would  also  be  good  for 
control  of  lightning  indirect  effects  (and  visa  versa) 
but  it  should  not  be  assumed  that  the  practices  are 
the  same.  Certainly  it  should  not  be  assumed  that  a 
design  proven  satisfactory  for  one  phenomenon  would 
necessarily  be  satisfactory  for  the  other  phenomenon. 
Some  of  the  similarities  and  differences  are  discussed 
below  and  in  the  literature  [8.1,  8.2], 

NEMP:  Ideally,  NEMP  can  be  considered  as  a  phe¬ 
nomenon  to  which  an  aircraft  will  never  actually  be 
subjected. 

If  it  should  occur,  it  would  consist  of  a  single  elec¬ 
tromagnetic  field  pulse,  or  possibly  several  pulses  if 
reflections  are  counted.  The  pulses  would  be  of  short 
duration  (about  1  microsecond  ),  would  propagate  in 
free  space  and  would  engulf  an  aircraft  that  is  also  in 
free  space.  When  the  pulses  contact  the  aircraft  they 
will  be  partially  reflected  and  scattered  with  the  re¬ 
sult  that  there  will  be  a  certain  electromagnetic  field 
developed  at  the  surface  of  the  aircraft.  These  surface 
electromagnetic  fields  will  be  associated  with  currents 
on  the  aircraft  and  the  currents  would  probably  prop¬ 
agate  back  and  forth,  at  a  frequency  determined  by 
the  size  of  the  aircraft  structure. 

The  surface  currents,  however,  would  be  best 
thought  of  as  a  response  to  the  electromagnetic  field;* 
that  is,  the  field  is  produced  first  and  it  is  the  forcing 
function  that  causes  the  surface  currents.  It  is  logical, 
therefore,  to  base  NEMP  analyses  on  the  response  of 
the  aircraft  to  electromagnetic  fields.  The  most  impor¬ 
tant  response  involves  how  much  of  the  external  field 
couples  to  the  interior  of  the  aircraft,  a  subject  that  is 
naturally  addressed  in  terms  of  shielding  effectiveness 
of  the  aircraft. 

Lightning:  Lightning  to  an  aircraft  is  also  a  rare  event, 
but  does  in  fact  occur  stifficiently  often  that  it  should 
be  regarded  as  something  that  sooner  or  later  is  al¬ 
most  certain  to  occur.  It  would  differ  from  a  NEMP 
event  in  that  it  is  of  longer  duration  (perhaps  on  the 
order  of  a  second),  involves  many  pulses  in  rapid  suc¬ 
cession,  some  of  amplitude  much  higher  than  induced 
by  NEMP  and  involves  a  direct  contact  between  the 
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aircraft  and  the  lightning  arc.  The  currents  on  the  sur¬ 
face  of  the  aircraft  may  have  an  oscillatory  component 
governed  by  the  size  of  the  aircraft,  but  the  oscilla¬ 
tion  will  also  be  influenced  by  the  characteristics  of 
the  lightning  channel. 

The  lightning  current  will  produce  electromag¬ 
netic  fields  at  the  surface  of  the  aircraft,  and  also  fields 
which  propagate  away  from  the  aircraft.  The  forcing 


function,  however,  will  be  the  current  and  the  fields 
will  be  a  consequence  of  that  current.  The  concept  of 
shielding  effectiveness  (ratio  of  field  outside  to  field  in¬ 
side)  is  not  a  particularly  helpful  way  to  evaluate  the 
response  of  the  aircraft  to  the  lightning  current.  It 
is  more  straightforward  to  base  analyses  of  the  effects 
of  lightning  on  the  concept  of  transfer  impedance  (ra¬ 
tio  of  internal  voltage  to  external  current),  a  subject 
discussed  in  Chapters  9  and  10. 


Fig.  8.2  Steps  in  the  control  of  indirect  effects 
(Flow  chart  form) 


226 


Coupling  mechanism*:  With  NEMP  the  primary  way 
that  energy  couples  to  the  interior  of  the  aircraft  is 
through  apertures.  Aperture  coupling  is  also  impor¬ 
tant  to  lightning  interactions,  but  coupling  through  re¬ 
sistive  or  diffusion  mechanisms  is  also  important,  par¬ 
ticularly  for  aircraft  using  large  amounts  of  composite 
materials  in  their  structure.  These  coupling  mecha¬ 
nisms  are  illustrated  in  §8.5  and  discussed  in  more  de¬ 
tail  in  Chapters  11  and  12. 

Frequency  spectra:  NEMP  and  lightning  can  also  be 
compared  according  to  their  frequency  spectra,  Fig. 
8.3  showing  an  example.  Broadly  speaking,  NEMP 
involves  more  energy  than  lightning  at  high  frequen¬ 
cies  (50  MHz  and  above)  while  lightning  contains  more 
energy  than  NEMP  at  lower  frequencies.  The  data 
of  Fig.  8.3,  should,  however  be  viewed  with  caution 
since  the  frequency  spectrum  calculated  for  lightning  is 
based  on  simplified  waveforms  that  may  not  truly  rep¬ 
resent  the  multi-pulse  nature  of  lightning.  Research  is 
indicating  that  there  are  portions  of  lightning  currents 
that  change  with  time  more  rapidly  that  previously 
assumed. 


Fig.  8.3  frequency  spectra  of  lightning  and  NEMP 
(Range  =  0.75  m) 

8.5  Basic  Coupling  Mechanisms 

A  metal  aircraft  is  often  viewed  as  a  Faraday 
screen,  a  concept  from  electrostatics  which  implies 
that  the  electrical  environment  inside  the  aircraft  is 
separate  and  distinct  from  the  environment  outside. 
To  some  extent  this  is  true;  the  lightning  environment 
inside  an  aircraft  is  not  nearly  as  harsh  as  is  the  exter¬ 
nal  environment.  There  are,  however,  some  important 
mechanisms  by  which  electrical  energy  couples  to  the 
interior  of  the  aircraft.  The  basic  coupling  methods 
are  shown  on  Fig.  8.4.  Subsequent  chapters  discuss 
the  points  in  greater  detail. 


8.5.1  Resistive  Voltage 

The  first  of  these  relates  to  the  electric  field  pro¬ 
duced  along  the  inner  surface  of  the  aircraft  by  the  flow 
of  current  through  resistance,  or  in  elementary  terms 
the  resistive  voltage  rise  caused  by  the  passage  of  cur¬ 
rent.  In  some  cases  an  easily  identifiable  resistance 
will  be  involved,  though  frequently  the  resistance  will 
be  of  a  distributed  nature  and  probably  frequency  or 
time  dependent. 


Eezt  External  electric  field  _ _ 


(c)  Internal  electric  field 

Fig.  8.4  Coupling  mechanisms. 

(a)  Resistive 

(b)  Magnetic  fields 

(c)  Electric  fields 

Voltage  rise:  The  term  voltage  rise  is  preferable  to 
voltage  drop  since  the  product  of  current  and  resis¬ 
tance  acts  as  a  source  (akin  to  a  battery  as  a  voltage 
source)  which  is  then  applied  to  an  external  circuit,  in 
this  case  the  wiring  of  the  aircraft. 

Joint  resistance:  The  most  easily  understood  mech¬ 
anism  by  which  the  passage  of  lightning  current  gives 
rise  to  voltages  on  aircraft  electrical  currents  is  that  in 
which  the  current,  flowing  through  joint  resistances, 
produces  a  voltage  by  the  elementary  IR  mechanism. 
Such  a  case  is  shown  in  Fig.  8.5.  Here  lightning  is 
shown  contacting  a  wing  tip  navigation  light.  The 
lightning  current  flowing  through  the  resistance  of  the 
mechanical  mounting  structure  of  the  lamp  housing 
produces  a  voltage  across  that  resistance.  The  voltage 
rise  across  the  resistance  will  have  the  same  waveform 
as  that  of  the  lightning  current.  The  voltage  at  some 
remote  point,  however,  may  not  have  the  same  wave¬ 
form,  since  the  distributed  inductance  and  capacitance 
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of  the  wire  supplying  power  to  the  filament  of  the  light 
will  be  set  into  oscillation  by  the  suddenly  developed 
voltage.  The  result  is  that  at  remote  points  there  prob¬ 
ably  will  be  an  oscillation  superimposed  upon  the  basic 
IR  voltage. 
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Fig.  8.5  Resistive  voltages. 

(a)  Physical  structure 

(b)  Current  waveshape 

(c)  VI 

(d)  V2 


Fig.  8.6  shows  two  other  examples  of  cases  in 
which  resistive  voltages  might  be  encountered.  The 
first  would  be  at  the  pylons  for  mounting  external 
stores,  shown  in  Fig.  8.6(a).  If  lightning  current  were 
to  contact  such  external  stores,  it  would  have  to  flow 
through  the  pylons  to  enter  the  aircraft.  The  pylons, 
not  generally  designed  as  current  carrying  members, 
and  being  points  where  the  lightning  current  would 
be  concentrated,  might  have  a  high  voltage  developed 
across  them.  Another  example  might  be  the  structural 
bolts  attaching  a  large  segment  of  the  airframe,  such 
as  the  vertical  stabilizer  shown  in  Fig.  8.6(b). 


Fig.  8.6  Other  examples  of  resistance. 

(a)  The  pylons  for  external  stores 

(b)  Joints  in  structural  members 


Effects  of  grounding:  The  effects  of  joint  resistance  on 
circuits  are  strongly  influenced  by  the  manner  in  which 
circuits  are  grounded,  as  shown  in  Fig.  8.7.  Current 
flowing  across  the  joint  resistance,  R ,  produces  a  driv¬ 
ing  voltage  V  =  IR. 

Since  the  circuit  across  which  V)  is  measured  em¬ 
ploys  the  structure  as  a  ground-return  path,  the  cir¬ 
cuit  couples  all  of  this  voltage;  thus  V)  would  be  high. 
A  circuit  employing  a  single-point  ground  does  not  in¬ 
clude  this  resistive  drop;  hence  V*  would  be  low.  The 
use  of  a  single-point  ground,  however,  does  not  elim¬ 
inate  the  voltage,  since  in  this  latter  ca3e  the  voltage 
at  the  source  end  of  the  circuit,  V3,  would  be  high. 

Structural  IR  voltages  are  of  particular  concern 
in  aircraft  made  from  carbon  fiber  composite,  CFC, 
materials  because  then  the  end  to  end  resistance  may 
be  as  much  as  60  milliohms.  A  200  kA  current  flowing 
through  that  resistance  would  produce  12  000  volts. 
Equipment  located  in  the  front  of  the  aircraft  and 
rferenced  to  a  point  in  the  rear  would  be  subjected 
to  that  high  voltage,  either  on  the  circuits  or  between 
the  equipment  and  the  local  structure. 


Fig.  8.7  Effects  of  grounding. 

(a)  Structural  return,  VI  =  IR 

(b)  Single-point  ground,  V2  =  low 

(c)  Single-point  ground,  V3  =  IR 


Limitations:  These  elementary  descriptions  of  joint  re¬ 
sistance  should  not  be  relied  upon  to  predict  coupling 
into  circuits  extending  throughout  the  entire  aircraft. 
The  more  massive  the  joint  and  the  lower  the  dc  resis¬ 
tance,  the  greater  will  be  the  dependence  of  resistance 
on  the  waveform  and  frequency  content  of  the  lightning 
current,  and  the  greater  will  be  the  proportionate  ef¬ 
fects  of  changing  magnetic  fields.  While  these  effects 
will  be  discussed  in  more  detail  in  other  sections,  one 
common  oversimplification,  shown  in  Fig.  8.8,  should 
be  pointed  out  here.  If  the  total  end-to-end  resistance 
of  the  aircraft  were  2.5  mfl  and  a  lightning  current  of 
200  kA  were  flowing  through  the  aircraft,  the  end-to- 
end  voltage  on  any  circuit  could  not  be  depended  upon 
to  be  less  than  500  V,  the  product  of  the  lightning  cur¬ 
rent  and  the  dc  resistance. 
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Fig.  8.8  An  oversimplified  model. 

Maximum  voltage  is  not  determined 
only  by  total  end  to  end  resistance. 


8.5.2  Magnetically  Induced  Voltage 

The  second  coupling  mechanism,  Fig.  8.9,  in¬ 
volves  magnetic  fields  in  the  interior  volume  of  the 
aircraft. 


as  shown  in  Figs.  8.9(b).  This  is  frequently  called 
the  aperture  field.  A  changing  magnetic  field  passing 
through  a  loop,  Fig.  8.9(c),  generates  an  open  circuit 
voltage 

Voc  =  4ir  X  10 ~tA  ~  (8.1) 

or 


-f  <8-2> 

where  H  is  the  magnetic  field  strength  and  <j>  is  the 
total  magnetic  fiux  passing  through  the  loop  of  area 
A. 

The  numerical  relationships  are  discussed  further 
in  §9.7.4.  The  most  important  point  is  that  the  volt¬ 
ages  are  proportional  to  the  rate  of  change  of  magnetic 
field,  sometimes  referred  to  as  H  or  H  dot. 


Fig.  8.9  Aperture-type  magnetic  field  coupling. 

(a)  External  field  patterns 

(b)  Internal  field  patterns 

(c)  Induced  voltages  and  currents 


Aperture  coupling:  The  most  common  and  important 
type  of  magnetic  field  is  that  which  passes  from  the  ex¬ 
terior  through  apertures  to  the  interior  of  the  aircraft, 


Induced  current:  If  the  loop  is  short  circuited,  a  cur¬ 
rent  will  be  induced  in  the  loop  of  magnitude 

I*c=lJ  Voc  dt  (8.3) 

where  L  is  the  self  inductance  of  the  loop.  The  cur¬ 
rent  in  the  short  circuited  loop  thus  tends  to  have  the 
same  waveshape  as  the  inducing  magnetic  field,  unlike 
the  voltage,  which  responds  to  the  rate  of  change  of 
magnetic  field. 

Diffusion  coupling:  There  will  also  be  magnetic  fields 
produced  by  the  diffusion  of  lightning  currents  to  the 
inside  surfaces  of  the  aircraft  skins.  These  are  referred 
to  loosely  as  the  diffusion  fields.  The  diffusion  fields 
are  also  related  to  the  frequency  dependent  properties 
of  the  resistively  generated  electric  field.  Because  some 
of  the  concepts  involved  in  the  study  of  the  diffusion 
fields  are  central  to  an  understanding  of  other  effects, 
particularly  with  respect  to  the  response  of  shielded 
wires,  they  will  be  discussed  (in  Chapter  11)  in  detail 
before  fields  of  other  origins  are  considered. 

Composite  aircraft:  Magnetic  field  effects  will  be 
more  severe  in  composite  aircraft  than  in  metal  air¬ 
craft.  Fiberglass  and  aramid  fiber  reinforced  plastics 
provide  no  magnetic  shielding.  Carbon  fiber  compos¬ 
ites  provide  some  shielding,  but  not  nearly  as  much  as 
provided  by  metal  aircraft.  Not  only  will  the  magnetic 
fields  be  higher,  but  they  will  rise  to  peak  faster  than 
in  metal  aircraft,  this  being  a  natural  consequence  of 
the  high  resistance  of  CFC  materials.  An  effect  of  the 
increased  magnetic  fields  is  that  much  more  of  the  to¬ 
tal  lightning  current  flows  on  internal  metal  objects 
in  a  CFC  aircraft  than  flows  in  a  comparable  metal 
aircraft.  Another  way  of  phrasing  this  is  that  the  re- 
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distribution  time  constants  in  a  CFC  aircraft  are  much 
faster  than  in  a  metal  aircraft.  The  phenomena  of  re¬ 
distribution  is  discussed  further  in  Chapter  11. 

8.5.3  Capacitively  Generated  Currents 

The  third  type  of  coupling,  Fig.  8.10,  involves 
electric  fields  passing  directly  through  apertures,  such 
as  windows  or  canopies,  to  the  interior  of  the  aircraft. 
The  displacement  current  forced  through  a  grounded 
object,  Fig.  8.10(c)  is 

I. c  =  8.85  x  10“12j4  ^  (8.4) 

where  A  is  the  area  available  to  intercept  displacement 
current  E  is  the  intensity  of  the  electric  field.  If  the 
current  flows  through  an  impedance  it  will,  of  course, 
produce  an  electrically  induced  voltage.  Capacitively 
induced  voltages  and  currents,  which  are  discussed  in 
§9.8.3,  are  proportional  to  the  rate  of  change  of  electric 
field,  frequently  referred  to  as  E  or  E  dot. 


Fig.  8.10  Aperture-type  electric  field  coupling. 

(a)  External  field  patterns 

(b)  Internal  field  patterns 

(c)  Induced  current 


In  metal  aircraft,  electric  field  coupling  is  entirely 
through  apertures,  since  virtually  any  thickness  of 
metal  provides  extremely  good  shielding  against  elec¬ 
tric  fields.  With  composite  aircraft  this  may  or  may 
not  be  the  case. 

8.6  Approaches  to  Determining  the 
Response  of  Circuits 

There  are  two  basic  methods  of  conducting  a  flow- 
down  analysis,  that  is,  determining  how  much  voltage 
and  current  might  be  induced  on  aircraft  wiring  by 
lightning;  numerical  analysis  and  measurement. 

Numerical  analysis:  Since  an  aircraft  is  a  complex 
structure  it  is  difficult  to  determine  by  analytical 
means  the  voltages  and  currents  that  might  be  in¬ 
duced  on  aircraft  wiring  by  lightning.  Some  techniques 
are  available  for  such  analyses  and  they  are  reviewed 
in  Chapters  10,  11  and  12.  Most  of  them  are  based 
on  techniques  derived  from  the  NEMP  field,  and  in 
fact  most  of  the  advanced  numerical  and  mathemati¬ 
cal  treatments  of  lightning  interactions  have  their  ori¬ 
gins  in  the  analytical  studies  funded  by  NEMP  efforts. 
All  of  them  require  a  considerable  investment  in  com¬ 
puter  resources  and  training  of  personnel.  They  are 
also  limited  in  the  degree  to  which  they  can  predict 
the  voltages  and  currents  of  actual  aircraft  wiring,  as 
opposed  to  idealized  and  oversimplified  geometries. 

Numerical  analysis,  though,  has  the  prime  virtue 
that  one  can  predict  the  general  responses  of  an  air¬ 
craft  that  has  yet  to  be  built.  Also,  using  simplified 
and  idealized  geometries,  one  can  predict  the  order  of 
magnitude  of  voltage  and  current  on  circuits  too  com¬ 
plex  to  analyze  precisely.  FVequently,  an  order  of  mag¬ 
nitude  estimate  of  the  voltages  and  current  induced  by 
lightning  is  enough  to  enable  one  to  make  intelligent 
decisions  regarding  protective  measures.  In  particular 
this  is  true  if  the  primary  purpose  of  the  analysis  is  to 
give  guidance  for  as  to  the  levels  at  which  to  conduct 
laboratory  proof  tests. 

Measurement*:  The  other  way  of  analyzing  the  re¬ 
sponse  of  an  aircraft  to  lightning  is  to  inject  current 
into  the  aircraft  and  actually  measure  the  resulting 
voltages  and  currents  on  wiring.  Three  basic  ap¬ 
proaches  to  such  tests  are  as  follows. 

1.  Inject  continuous  wave  alternating  currents  into 
the  aircraft  and  make  frequency  domain  mea¬ 
surements  of  the  response,  relating  the  measured 
response  to  the  response  to  lightning  through 
Fourier  analysts  techniques. 

2.  Inject  high  level  (full  threat  level)  pulse  currents 
into  the  aircraft  and  measure  the  response  in  the 
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time  domain. 

3.  Inject  low  level  (much  less  them  full  threat  level) 
currents  into  the  aircraft,  measure  the  response 
in  the  time  domain  and  extrapolate  the  results  to 
full  threat  level. 

These  three  techniques  are  discussed  further  in 
Chapter  13.  The  technique  of  injecting  low  level  pulse 
currents  into  the  aircraft  is  called  the  Lightning  Tran¬ 
sient  Analysis  (VTA)  technique  and  is  the  one  that  has 
been  used  for  most  measurements  of  the  response  of 
aircraft  electrical  circuits.  Full  threat  level  tests  are 
seldom  made  on  aircraft;  equipment  for  such  tests  is 
very  expensive  and  at  the  limit  of  the  state  of  the  art 
and  in  any  case  can  not  be  performed  until  the  aircraft 
has  been  designed  and  built. 

Sometimes  of  course,  a  designer  does  not  have  ac¬ 
cess  to  detailed  analytical  and  experimental  studies, 
or  does  not  have  the  time  or  the  funds  to  procure  such 
studies.  In  recognition  of  this  common  problem  Chap¬ 
ter  14  provides  some  very  simplified  tools  with  which 
to  estimate  the  voltages  and  currents  that  might  be 
induced  on  aircraft  wiring.  If  the  need  is  for  guidance 
as  to  levels  appropriate  for  conducting  bench  tests  the 
tools  may  be  sufficient  for  the  job. 

8.7  Examples  of  Induced  Voltages 
Measured  on  Aircraft 

There  have  been  several  sets  of  tests  made  on  air¬ 
craft  in  which  simulated  lightning  currents  were  in¬ 
jected  into  the  aircraft  and  the  resultant  voltages  and 
currents  on  the  aircraft  wiring  measured.  Space  con¬ 
straints  preclude  giving  in  this  chapter  a  comprehen¬ 
sive  summary  of  the  test  results,  and  the  user  is  re¬ 
ferred  to  the  reports  on  the  individual  tests  A  few  ex¬ 
amples  of  the  measurements  will  be  given  in  the  follow¬ 
ing  sections,  primarily  in  order  to  illustrate  the  general 
nature  of  voltages  and  currents  induced  by  lightning. 
Where  appropriate,  reference  will  be  made  to  the  sub¬ 
sequent  chapters  where  the  phenomena  a>e  discussed 
in  further  detail. 

8.7.1  Wing  from  F-89J  Aircraft 

The  first  set  of  tens  to  be  discussed  (8. 1  j  was  one 
in  which  high  lightning-like  currents  of  amplitude  up 
to  40  000  A  were  injected  into  one  wing  of  an  F-89J 
aircraft.  During  the  test,  represented  in  Fig.  8.11,  the 
wing  was  fastened  onto  a  screened  instrument  enclo¬ 
sure  which  may  be  viewed  as  iepresenting  the  fuselage 
of  the  aircraft.  The  current  was  injected  into  the  wing 
or  into  the  external  wing  tip  tank,  flowed  to  flow  along 
the  wing  to  the  outer  wall  of  the  screened  instrument 


enclosure,  and  then  to  ground.  An  example  of  one  of 
the  types  of  current  injected  into  the  wing  is  shown  in 
Fig.  8.11(b). 


Fig.  8.11  High  current  injection  tests  on  a  wing 
from  a  fighter  aircraft. 

(a)  Test  arrangement 

(b)  Waveshape  of  injected  current 

In  order  to  obtain  maximum  current,  the  surge 
generator  was  operated  in  a  mode  that  essentially  al¬ 
lowed  the  production  of  only  one  cycle  of  a  damped  os¬ 
cillatory  current,  the  technique  having  having  involved 
a  series  non-linear  resistor  as  previously  discussed  in 
§6.8.1.  The  surge  current  was,  of  course,  unlike  a  typ¬ 
ical  lightning  current,  which  would  rise  to  crest  rather 
fast  and  decay  at  a  much  slower  rate.  The  shape  of 
the  current  wave  must  be  considered  when  observing 
the  waveshape  of  some  voltages  that  will  be  discussed. 
In  particular,  note  that  at  about  20  /rs  there  appears 
a  major  discontinuity  in  waveshape.  This  discontinu¬ 
ity  in  current  waveshape  is  reflected  in  the  induced 
voltages. 

Within  the  wing  there  were  a  number  of  electri¬ 
cal  circuits,  such  as  those  to  navigation  lights,  fuel 
gauges,  pumps,  relays,  and  switches  indicating  posi¬ 
tion  of  flaps.  Some  of  these  ran  in  the  leading  edge  of 
the  wing  and  were  well  shielded  from  many  electromag¬ 
netic  effects,  while  others  ran  along  the  trailing  edge 
between  the  main  body  of  the  wing  and  the  wing  flaps. 
These  latter  were  the  most  exposed  to  the  electromag¬ 
netic  fields.  All  of  the  circuits  were  relatively  simple 
and  relatively  independent  of  each  other.  They  were 
not,  as  a  rule,  bundled  together  in  one  large  cable  bun¬ 
dle,  a  practice  that  provides  maximum  coupling  from 
one  circuit  to  another  and  makes  analysis  difficult. 

The  question  of  how  location  of  wiring  affects  the 
lightning  induced  voltages  is  discussed  in  Chapter  16. 
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Position  light  circuit:  The  first  circuit  that  will  be 
discussed,  shown  in  Fig.  8.12.  was  a  circuit  supply¬ 
ing  power  to  a  position  light  mounted  on  the  external 
fuel  tank.  An  electrical  diagram  of  the  circuit,  shown 
in  Fig.  8.12(b),  shows  that  the  circuit  consisted  of 
one  wire  supplying  power  to  the  filament  of  the  po¬ 
sition  light  with  the  return  circuit  for  the  light  being 
through  the  wing  structure.  Accordingly,  if  the  light¬ 
ning  current  contacts  the  external  tank,  that  circuit 
will  be  influenced  by  the  resistance  R\  of  the  hangers 
fastening  the  tank  to  the  wing,  by  i?2,  the  inherent 
resistance  of  the  wing,  and  by  magnetic  flux  arising 
from  the  flow  of  current. 


L,  =  11  /iH  Rj  =  2  h 

I  rw\  . .  wv*-  ■'  ■ 

\  Lx  =  4.3  nH 
I  R\  =  700  fiSl 


Fig.  8.12  A  wing  tip  circuit. 

(a)  Circuit  orientation 

(b)  Electrical  details  of  circuit 

(c)  Open  circuit  voltage 

(d)  Short  circuit  current 

(e)  Equivalent  circuit 


Typical  test  results  are  given  in  Fig.  8.12(c)  and 
8.12(d).  The  open  circuit  voltage  is  seen  to  rise  rapidly 
to  its  crest  and  to  decay  more  rapidly  than  does  the 
injected  current  shown  in  Fig.  8.11(b).  This  indicates 
that  the  open  circuit  voltage  was  responding  primarily 
to  magnetic  flux. 

When  the  conductor  was  shorted  to  ground  at  the 
instrument  enclosure,  the  short  circuit  current  rose  to 


its  crest  in  approximately  the  same  length  of  time  as 
did  the  injected  current  and  displayed  much  the  same 
waveshape  as  did  the  injected  current. 

Fig.  8.12(e)  shows  an  approximate  equivalent  cir¬ 
cuit  that  might  be  derived.  L\  and  R\  represent  a 
transfer  impedance  between  the  current  flowing  in  the 
wing  and  the  voltage  developed  on  the  circuit.  Li  and 
Ri  represent  the  inherent  inductance  and  resistance 
of  the  wires  between  the  fuselage  and  the  light.  The 
transfer  inductance  and  resistance  are  merely  those 
values  which,  when  operated  upon  by  the  external 
lightning  current,  produced  the  observed  open  circuit 
voltage.  They  do  not  necessarily  represent  any  clearly 
definable  resistance  or  inductance  of  the  wing. 

Pylon  circuit:  A  different  type  of  circuit  is  that  shown 
in  Fig.  8.13.  In  this  circuit  a  conductor  ran  through 
the  leading  edge  of  the  wing  and  terminated  in  an  open 
circuit  on  a  pylon  mounted  underneath  a  wing.  In 
the  electrical  detail  circuit  shown  in  Fig.  8.13(b),  it 
can  be  seen  that  this  circuit  would  not  respond  to  the 
voltage  developed  across  the  resistance  between  the 
tank  and  the  wing.  The  circuit  would  respond  in  some 
measure  to  some  fraction  of  the  wing  resistance  and  to 
some  fraction  of  the  magnetic  field  set  up  by  the  flow 
of  current  in  the  wing,  but  since  the  circuit  was  only 
capacitively  coupled  to  the  wing,  the  total  coupling 
impedance  should  have  been,  and  was,  less  than  that 
of  the  circuit  shown  in  Fig.  8.12. 

The  purpose  of  the  conductor  shown  in  Fig.  8.13 
was  to  supply  power  to  a  relay  and  to  explosive  bolts 
in  the  pylon  used  to  hold  a  weapon.  In  Fig.  8.13  the 
pylon  was  not  installed,  so  there  was  no  load  on  the 
conductor.  Fig.  8.14  shows  the  results  when  that  py¬ 
lon  was  installed,  when  the  conductor  was  connected 
to  a  relay  with  a  return  through  the  aircraft  structure, 
and  when  the  lightning  flash  was  allowed  to  contact  the 
pylon.  The  combination  of  a  structural  return  path  for 
the  circuit  and  a  lightning  flash  terminating  upon  the 
pylon  and  thus  including  the  resistive  drop  across  R3, 
the  resistance  between  the  pylon  and  the  wing,  served 
to  make  the  voltage  much  greater  than  it  was  when 
the  conductor  was  open  circuited.  No  attempt  was 
made  to  completely  analyze  from  which  area  the  total 
amount  of  magnetic  flux  was  coming  or  whether  the 
flux  <?i,  representing  that  in  the  pylon,  or  <t> 2,  repre¬ 
senting  that  in  the  wing,  was  larger. 

Antenna  circuit:  A  third  circuit,  and  one  which  illus¬ 
trates  the  interaction  between  the  lightning  developed 
voltage  and  the  circuit  response  is  shown  in  Fig.  8.15. 
In  this  circuit  a  slot  antenna  excited  by  a  grounded 
stub  and  fed  from  a  length  of  75 ft  coaxial  cable  was 
installed  in  the  leading  edge  of  the  wing.  The  shorted 
stub  that  excited  the  slot  antenna  was  the  predorai- 
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nant  area  intercepting  the  magnetic  flux  produced  by 
the  lightning  current  in  the  wing. 

As  in  the  three  previous  examples,  the  basic  volt¬ 
age  developed  in  this  antenna,  and  shown  in  Fig. 
8.15(c)  or  8.15(e)  followed  the  same  pattern  as  that 
shown  for  the  other  circuits.  The  rapid  transition  on 
the  leading  edge  of  the  voltage,  however,  was  capable 
of  exciting  an  oscillation  within  the  coaxial  cable  feed¬ 
ing  the  antenna.  When  the  antenna  circuit  was  termi¬ 
nated  in  a  resistor  matching  the  surge  impedance  of 
the  cable,  the  higher  frequency  ringing  oscillation  dis¬ 
appeared,  leaving  only  the  underlying  response  of  the 
antenna  to  the  magnetic  field  surrounding  the  wing. 


tant  effect  on  the  magnitude  cf  voltage  developed  on 
different  circuits. 

Nearly  all  the  voltages  and  currents  measured  on 
the  circuits  could  be  explained  in  terms  of  a  simple 
equivalent  circuit,  such  as  those  shown  in  Fig.  8.16. 
One  way  to  view  these  equivalent  circuits  is  in  terms  of 
the  self  inductance  of  the  wing,  the  self  inductance  of 
the  circuit  within  the  wing,  and  the  mutual  impedance 
between  the  wing  and  the  internal  conductor,  as  shown 
in  Figs.  8.16(a)  and  (b).  Some  attempts  at  developing 
equivalent  circuits  have  ignored  the  effects  of  mutual 
inductance,  but  it  is  not  correct  to  do  so. 


Not  Determined 
L ,  =  0.06  nH 

R\  —  20  /jO 


Fig.  8.14  A  pylon  circuit  -  loaded  at  pylon. 

(a)  Circuit  orientation 

(b)  Electrical  details  of  circuit 

(c)  Open  circuit  voltage 


Fig.  8.13  A  pylon  circuit  -  open  at  pylon. 

(a)  Circuit  orientation 

(b)  Electrical  details  of  circuit 

(<*)  Open  circuit  voltage 

(d)  Equivalent  circuit 

Significant  conclusions:  Several  significant  things 
were  learned  during  this  test  series.  The  first  was  that 
the  voltages  induced  in  a  typical  circuit  within  the 
wing  consisted  of  the  sum  of  a  magnetically  induced 
component  Bnd  a  component  proportional  to  the  re¬ 
sistance  of  the  current  path.  The  Vocation  at  which 
the  lightning  flash  contacted  the  wing  hud  an  impor- 


Another,  and  probably  better,  approach  to  view¬ 
ing  equivalent  circuits  is  one  based  upon  a  transfer 
impedance,  as  shown  in  Fig.  8.16(c).  In  the  approach 
based  on  self  and  mutual  inductances  the  self  induc¬ 
tance  of  the  wing  would  be  nearly  equal  to  the  mutual 
inductance  between  the  wing  and  the  internal  conduc¬ 
tor.  The  difference  between  the  two  would  be  equal  to 
the  transfer  inductance  in  the  latter  approach.  Since 
the  values  of  the  transfer  impedance  will  be  much 
smaller  than  the  values  representing  the  self  impedance 
of  the  circuit,  the  latter  approach  leads  to  the  more 
easily  handled  equivalent  circuit.  It  is  also  compati¬ 
ble  with  the  concept  of  mutual  inductance  or  transfer 
impedance  discussed  for  shielded  cables  in  Chapter  13. 
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Fig.  8.15  An  antenna  circuit. 

(a)  Circuit  orientation 

(b)  Electrical  details  of  circuit 

(c)  Open  circuit  voltage  -  Rx  =  oo 

(d)  Open  circuit  voltage  -  Rx  =  75ft 

(e)  Open  circuit  voltage  -  Rx  —  oo 

(f)  Short  circuit  current  -  Rx  ^  0 

There  did  not  seem  to  be  any  easy  way  in  which 
the  magnitudes  of  the  transfer  impedance  could  be  re¬ 
lated  v.o  the  physical  geometry  of  the  wing  or  to  the 
location  of  the  conductors  within  the  wing.  It  was 
possible,  however,  to  say  that  conductors  located  in 
the  forward  portion  of  the  wing  were  better  shielded, 
and  consequently  had  lower  transfer  impedances,  than 
those  along  the  trailing  edge.  Likewise,  it  could  be  ob¬ 
served  that  circuits  which  did  not  have  any  electrical 
return  through  the  wing  structure  had  lower  transfer 
impedances  than  those  circuits  which  did  have  a  return 
through  the  wing  structure. 

A  significant  point  was  that  short  circuit  currents 
had  waveshapes  of  longer  duration  than  did  open  cir¬ 
cuit  voltages.  This  occurs  because  the  impedance  of 
conductors  is  primarily  inductive,  not  resistive.  Some 
of  the  specifications  now  being  placed  on  proof  test¬ 
ing  for  aircraft  avionic  systems  do  not  recognize  this 
inductive  nature  of  wiring  systems.  Rather,  by  design 
or  by  oversight,  they  effectively  treat  the  impedance 
as  being  resistive,  a  factor  that  complicates  test  proce¬ 
dures  and  may  lead  to  improper  interpretation  of  test 
results.  This  matter  is  discussed  further  in  Chapter 
18. 
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Fig.  8.16  Equivalent  circuits. 

(a)  and  (b)  Circuits  based  on  self  and 
mutual  inductances  of  the  wing 
(c)  Circuit  based  on  an  equivalent  transfer 
admittance:  Z  =  Rt  4-  jwMt 

6.7.2  Digital  Fly-By-  Wire  (DFBW) 


The  second  set  of  measurements  [8.16],  about 
which  some  discussion  will  follow,  was  that  made  on 
an  F-8  aircraft  fitted  with  a  fly-by-wire  control  sys¬ 
tem.  The  fly-by-wire  controls,  shown  in  Fig.  8.17, 
consisted  of  a  primary  digital  system,  a  backup  ana¬ 
log  system,  and  a  common  set  of  power  actuators  op¬ 
erating  the  control  surfaces.  The  major  components 
of  the  control  system  were  located  in  three  locations: 
the  cockpit,  where  sensors  coupled  to  the  control  stick 
provided  signals  for  the  control  systems;  an  area  be¬ 
hind  the  cockpit,  where  there  was  located  the  digital 
computer;  and  a  compartment  behind  and  below  the 
cockpit  on  the  left  side  of  the  aircraft.  This  latter 
compartment  was  one  that  would  normally  have  been 
occupied  by  guns.  Accordingly,  it  will  be  referred  to  as 
the  “gun  bay”,  though  in  this  research  aircraft  it  was 
used  to  house  the  interface  and  control  assemblies,  not 
guns. 

Several  hydraulic  actuators  were  located  at  each 
of  the  major  surfaces.  These  were  interconnected  to 
the  fly-by-wire  control  systems  through  wire  bundles 
that  ran  under  the  wings.  The  control  systems  did 
not  depend  upon  the  aircraft  structure  as  a  return 
path;  the  system  was  considered  to  have  a  single-point 


234 


ground,  and  that  single-point  ground  was  located  at  a 
panel  in  the  gun  bay.  By  and  large,  none  of  the  control 
wiring  in  the  aircraft  was  shielded. 


Fig.  8.17  Location  of  fly- by- wire  control  system 
hardware  and  wiring  bundles  in  F-8 
aircraft. 


Test  techniques:  In  contrast  to  the  tests  on  the  wing 
of  the  F-8f  J  aircraft,  in  which  high  amplitude  currents 
were  injected  into  the  wing  from  a  high  power  surge 
generator,  the  tests  on  the  complete  F-8  aircraft  were 
made  using  the  lightning  transient  analysis  technique 
described  in  §8.6  and  Chapter  13.  During  the  tests 
on  the  F-8,  the  injected  current  was  on  the  order  of 
300  A.  In  tne  measurements  that  will  be  shown,  the 
amplitudes  refer  to  that  injected  current.  To  scale  the 
results  to  what  would  be  produced  by  a  fairly  com¬ 
mon  30  kA  lightning  current  the  measured  amplitudes 
should  be  multiplied  by  100.  To  scale  the  results  to 
the  design  level  amplitude  of  200  kA  they  should  be 
multiplied  by  666. 

Several  different  current  waveshapes  were  em¬ 
ployed;  the  one  to  which  most  frequent  reference  will 
be  mad  in  this  abbreviated  set  of  test  results  is  that 
described  as  the  fast  waveform,  a  current  rising  to  crest 
in  about  3  /is  and  decaying  to  half  value  in  about  60  ps. 
These  waveforms  are  shown  in  Fig.  8.18.  The  fast 
waveshape  is  the  one  moat  representative  of  that  which 
is  now  recommended  for  such  tests. 

Fora  arid  oft  circuit:  The  first  set  of  measurements 
to  which  reference  will  be  made  was  that  on  a  set  of 
spare  conductors  running  between  an  interface  box  in 
the  gun  bay  end  a  disconnect  panel  located  near  the 
leading  edge  of  the  vertical  stabilizer.  The  routing  of 
the  circuit  is  shown  in  Fig.  8.19(a)  and  the  waveforms 
of  the  voltages  are  shown  in  Fig.  8.19(b).  The  voltage 
measured  between  the  conductor  and  ground  consisted 
of  a  high-amplitude  oscillatory  component  and  a  lower 
amplitude,  but  longer  duration  component.  This  is 
the  pattern  that  is  mo3t  commonly  noted  on  voltages 
induced  by  lightning  currents. 


Fig.  8.18  Simulated  lightning  test  waveforms. 

(a)  Slow  wave 

(b)  Intermediate  wave 

(c)  Fast  wave 

Voltages  measured  between  conductors,  shown  in 
Fig.  8.19(c),  were  much  smaller  than  the  voltages 
measured  between  either  of  the  conductors  and  the 
airframe.  Such  results  would  be  expected  on  a  well- 
balanced  circuit.  The  voltages  were,  however,  not  zero, 
and  one  should  not  assume  that  voltages  on  twin  con¬ 
ductor  circuits  will  be  low  enough  to  eliminate  prob¬ 
lems.  »— 

The  oscillatory  component  of  voltage  was  excited 
by  magnetic  flux  (and  possibly  electric  fields)  leaking 
inside  the  aircraft,  while  the  longer  duration  compo¬ 
nent  was  produced  by  the  flow  of  current  through  the 
structural  resistance  of  the  aircraft.  Since  the  voltages 
induced  by  the  leakage  of  magnetic  flux  were  propor¬ 
tional  to  the  rate  of  change  of  that  flux,  it  follows  that 
the  oscillatory  component  would  have  been  more  pro¬ 
nounced  for  faster  currents  injected  into  the  aircraft 
than  it  was  for  slower  currents.  This  effect  was  noted, 
as  indicated  by  the  oscillograms. 

Circuit  to  wing  position  indicator:  The  second  set  of 
measurements  was  made  on  a  circuit  running  from  the 
interface  control  unit  and  the  gun  bay  to  a  wing  po¬ 
sition  indicator  switch  located  underneath  the  leading 
edge  of  the  wing.  The  wing  on  the  F-8  aircraft  could 
be  laised  or  lowered  around  a  pivot  point  towards  its 
rear  in  order  to  achieve  a  lower  pitch  angle  during  land¬ 
ing  and  takeoff  and  the  purpose  of  the  switch  was  to 
indicate  the  position  of  the  wing. 
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Fig.  8.19  Voltages  on  a  fore  and  aft  circuit 

(a)  Line  to  ground  voltages 
(P22,  Pin  24  to  airframe). 

(b)  Line  to  line  voltage 
(P22,  Pin  24  -  Pin  25). 


The  voltages  induced  on  that  switch  circuit  are 
shown  in  Fig.  8.20.  The  voltages  measured  from  line 
to  airframe  were  higher  than  those  measured  from  line 
to  line,  but  it  is  significant  that  the  line  io  line  volt¬ 
ages,  while  of  a  somewhat  different  waveshape,  were 
not  much  lower  than  the  line  to  ground  voltages.  The 
reason  for  this  lay  in  the  fact  that  the  load  impedances 
in  the  interface  box  in  the  gun  bay  were  different  from 
each  other  on  the  two  sides  of  the  circuit.  One  side 
connected  to  a  power  supply  bus,  while  the  other  side 
probably  connected  to  an  emitter  follower. 

Another  significant  feature  about  these  voltages 
was  that  they  were  again  of  an  oscillatory  nature. 
They  were  apparently  excited  by  the  leakage  of  mag¬ 
netic  flux  inside  the  aircraft  and  were  not  excited  by 
the  rise  in  potential  along  the  structural  resistance  of 
the  aircraft. 


Fig.  8.20  Voltages  induced  in  wing  position  indicator 
switch  circuit  at  open  plug  P22. 


Circuits  to  actuators:  Figs.  8.21  and  8.22  show  volt¬ 
ages  measured  on  two  different  circuits  going  to  actu¬ 
ators,  one  (Fig.  8.21)  going  to  the  left  pitch  actuator 
and  the  other  (Fig.  8.22)  going  to  the  left  roll  actuator. 
In  both  cases  the  voltages  displayed  were  the  output  of 
the  driver  amplifier  used  to  control  the  servo  valve  in 
the  actuator.  Both  of  these  were  differential  measure¬ 
ments,  line-line  voltage  measurements.  The  significant 
feature  about  these  measurements  was,  again,  that  the 
characteristic  response  was  oscillatory  and  apparently 
excited  by  the  leakage  of  magnetic  flux  inside  the  air¬ 
craft.  There  was  some  dependence  of  the  voltage  on 
the  path  of  current  followed  through  the  aircraft,  but 
the  dependence  was  not  large.  Both  lightning  current 
paths  produced  about  the  same  peak  voltage  of  tran¬ 
sient. 

Bulk  cable  currants:  On  the  F-8,  as  is  typical  of 
most  aircraft,  the  control  wires  were  laced  together 
into  fairly  large  bundles.  The  routing  of  some  typical 
bundles  in  the  gun  bay  housing  the  backup  and  in¬ 
terface  electronic  control  boxes  is  shown  in  Fig.  8.23. 


While  it  was  not  possible  to  measure  the  current  on 
individual  wires  within  these  cable  bundles  because  of 
limitations  of  measurement  technique  and  because  of 
the  large  number  of  wires  within  the  bundles,  it  was 
possible  to  measure  the  total  current  flowing  on  the 
various  bundles.  This  was  done  by  clamping  around 
the  bundle  a  current  transformer  having  a  split  core. 

Typical  results  of  these  cable  measurements  are 
shown  in  Figs.  8.24  and  8.25.  The  bulk  cable  cur¬ 
rents  were  also  found  to  be  oscillatory,  just  as  were 
the  voltages  on  conductors  described  earlier.  Since 
the  flight  control  wiring  did  not  make  use  of  multi¬ 
ple  ground  points  within  the  aircraft,  it  follows  that 
none  of  the  currents  in  these  cable  bundles  would  ex¬ 
hibit  any  of  the  long  time  response  characteristic  of 
multiple-grounded  conductors. 


Fig.  8.21  Left  pitch  valve  drive  output 
(high  to  low)  at  plug  P22. 


Fig.  8.22  Voltages  induced  in  left  roll  valve  drive 
output  circuit  (Pins  44-45)  at  open 
plug  P22. 


Fig.  8.23  Cable  bundles  within  the  gun  bay. 
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Fig.  8.24  Currents  on  cable  bundles  leading  toward 
cockpit  and  left  hand  instrument  panel. 
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Fig.  8.25  Currents  on  cable  bundles  leading  toward 
the  area  behind  the  cockpit. 
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Statistical  distribution:  Fig.  8.26  shows  a  statistical 
distribution  of  the  peak  amplitude  of  currents  in  all 
of  the  cable  bundles  upon  which  measurements  were 
made.  The  distribution  is  shown  for  both  the  actual 
current  amplitudes  injected  into  the  aircraft  and  in 
terms  of  what  those  currents  would  be  if  the  results 
were  scaled  up  to  currents  representative  of  actual 
lightning  flashes.  In  terms  of  an  average-amplitude 
lightning  flash,  30  000  A ,  the  total  current  on  most 
cable  bundles  would  have  been  on  the  order  of  20  to 
100  A. 

Measurements  of  bulk  cable  current  are  impor¬ 
tant  because  one  of  the  test  practices  now  in  common 
use  for  evaluating  the  effect  of  voltages  and  current 
induced  by  lightning  involves  coupling  current  onto  a 
wiring  assembly  (usually  through  a  transformer)  and 
allowing  the  voltages  and  current  on  individual  wires 
to  develop  as  appropriate  to  the  impedances  of  the  cir¬ 
cuits  to  which  they  connect.  The  technique  of  injecting 
current  onto  cables  is  discussed  in  Chapter  18. 


»  ta  aa  m  ttf  ma  who  ijo*  ■  ■  »m» 
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Fig.  8.26  Distribution  of  amplitudes  of  cable 

bundle  currents  (measured  in  left  gun  bay). 

Magnetic  fields:  Measurements  were  made  of  the  am¬ 
plitude  and  waveshape  of  the  magnetic  field  at  a  num¬ 
ber  of  points  in  and  around  the  aircraft.  One  loca¬ 
tion  upon  which  attention  was  concentrated  was  the 
cockpit,  since  the  cockpit  is  an  inherently  unshielded 
region  and  one  in  which  many  control  wires  would  be 
subjected  to  changing  magnetic  fields. 


The  positions  at  which  fields  were  measured,  the 
peak  amplitude  of  the  fields,  and  the  predominant  ori¬ 
entation  of  the  fields  are  shown  in  Fig.  8.27.  The 
magnetic  fields  were  measured  with  a  probe  which  had 
a  characteristic  time  constant  of  about  4  fj, s.  When 
exposed  to  fields  changing  in  times  less  than  4  ps, 
it  would  respond  to  the  absolute  magnitude  of  the 
field  intensity,  and,  when  exposed  to  fields  changing 
in  times  longer  than  4  ps,  it  would  respond  to  the  rate 
of  change  of  the  magnetic  field. 


A  few  typical  measurements  of  field  waveshape 
are  shown  in  Fig.  8.28.  The  most  significant  feature 
about  these  measurements  is  that  there  was  no  orien¬ 
tation  of  the  magnetic  field  probe  that  resulted  in  a 
zero  output,  which  indicated  that  the  orientation  of 
the  magnetic  .field  was  not  uniform  with  respect  to 
time.  The  field  produced  at  airy  one  point  was  the 
sum  of  the  field  produced  by  the  total  flow  of  current 
through  the  aircraft  and  that  produced  by  oscillatory 
current  in  the  various  structural  members  as  the  cur¬ 
rent  in  those  structural  members  changed  with  time. 
When  fields  of  high  frequency  are  produced  by  oscilla¬ 
tory  currents  excited  by  an  original  transient  field,  the 
process  is  commonly  called  re-radiation. 

Also,  it  was  noticed  that  the  waveshape  of  the 
magnetic  field  was  quite  oscillatory  whenever  the  peak 
magnitude  of  the  field  was  low.  This  is  a  pattern  com¬ 
monly  found.  It  occurs  because  the  low  level  mag¬ 
netic  fields  found  within  partially  shielded  structures 
are  due  either  to  re-radiation  produced  by  circulat¬ 
ing  currents  or  by  coupling  through  apertures.  As  will 
be  noted  in  Chapter  12,  coupling  through  apertures  is 
frequency  dependent,  high  frequencies  (or  the  high  fre¬ 
quency  portions  of  transient  waveforms)  being  coupled 
more  effectively  than  low  frequencies. 

Some  measurements  of  the  magnetic  field  within 
the  gun  bay  housing  the  backup  control  system  and  the 
interface  electronics  package  are  shown  in  Fig.  8.29. 
Clearly,  the  magnetic  field  inside  the  gun  bay  corn- 
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partment  was  of  lower  amplitude  than  that  of  the  field 
external  to  the  gun  bay.  The  waveshapes  of  the  fields 
are  more  difficult  to  understand.  First  of  all,  it  must 
be  kept  in  mind  that  the  probe  was  responding  to  the 
rate  of  change  in  the  magnetic  field  after  about  4  ns 
find  was  responding  to  the  field  itself  for  times  shorter 
than  about  4  ^is. 

Accordingly,  the  oscillograms  displaying  the  field 
inside  the  gun  bay  indicated  that  there  was,  first  of 
all,  a  component  of  magnetic  field  that  rose  to  its  crest 
about  as  fast  as  did  the  outside  field. 
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Fig.  8.28  Magnetic  fields  near  pilot’s  seat. 


From  then  on,  the  field  continued  to  increase  at 
a  slower  rate,  the  final  value  of  the  field  not  being  in¬ 
dicated  by  the  oscillograms.  The  fact  that  the  field 
continued  to  rise,  but  at  a  slower  rate,  is  in  agreement 
with  the  behavior  predicted  in  §11.3.5,  Fig.  11,11  and 
§11.7,  where  it  will  be  shown  that  the  field  should  in¬ 
crease  with  a  time  constant  characteristic  of  the  inter¬ 
nal  inductance  and  resistance  of  the  cavity  in  which 
the  fields  are  measured. 

Fields  inside  a  battery  compartment  located  aft 
of  the  gun  bay  are  shown  on  Fig.  8.30.  The  mea¬ 
surements  showed  first  some  oscillatory  magnetic  field, 
followed  by  a  field  which  rose  to  crest  at  a  time  much 
longer  than  the  crest  time  or  even  the  duration  of  the 
lightning  current  that  was  injected  into  the  aircraft. 
Oscillogram  No.  452  in  Fig.  8.30  indicated  the  rate  of 
change  of  field  as  falling  to  zero  at  about  400  /is.  This 
would  indicate  that  the  field  itself  reached  its  crest 
value  in  about  400  n3- 
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Fig.  8.30  Magnetic  fields  inside  the  battery 

Fig.  8.29  Magnetic  fields  inside  the  gun  bay.  compartment  (probe  time  constant  =  4/xs). 
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The  different  nature  of  the  response  of  the  fields 
inside  the  gun  bay  and  the  battery  compartment  can 
be  explained  in  terms  of  the  types  of  covers  and  fas¬ 
teners  used  on  the  two  compartments.  The  cover  over 
the  battery  compartment  was  held  in  place  by  fasten¬ 
ers  spaced  about  every  3.8  cm.,  and  hence  made  good 
contact  to  the  rest  of  the  airframe.  The  use  of  multi¬ 
ple  fasteners  resulted  in  many  paths  on  which  current 
could  flow  (minimum  constriction  of  the  current  flow) 
and  provided  minimum  resistance  to  the  circulating 
current  within  the  battery  compartment. 

The  gun  bay  covers,  on  the  other  hand,  since  they 
were  originally  designed  for  ease  of  access,  had  far 
fewer  fasteners.  The  fasteners  in  the  gun  bay,  in  fact, 
were  spaced  about  every  30  cm.  Accordingly,  the  cover 
on  the  gun  bay  provided  a  much  greater  constriction 
of  current  flow  and  a  much  greater  resistance  than  did 
the  cover  on  the  battery  compartment.  Both  of  these 
factors  were  of  a  nature  to  allow  the  field  within  the 
gun  bay  to  reach  its  peak  value  faster  than  did  the  field 
within  the  battery  compartment.  These  points  about 
the  influence  of  fasteners  are  discussed  further  in  §11.7 
and  Fig.  11.43. 

It  is  practical  to  calculate,  with  reasonable  accu¬ 
racy,  the  magnetic  and  electric  fields  within  an  air¬ 
craft,  given  knowledge  of  the  geometry  of  the  aircraft. 
Numerical  techniques  for  doing  this  are  discussed  in 
Chapters  10-12.  From  a  knowledge  of  the  strength 
of  the  magnetic  and  electric  fields  one  can  predict  the 
order  of  magnitude  of  voltage  and  current  induced  on 
aircraft  wiring.  Simplified  techniques  for  doing  this 
are  discussed  in  Chapter  14.  The  accuracy  of  the  cal¬ 
culations  may  be  questionable,  but  order  of  magnitude 
estimates  may  be  sufficient. 

Significant  conclusions:  Some  significant  points  about 
the  results  of  tests  on  this  aircraft  can  be  summarized 
here.  The  first  was  that  the  use  of  a  single-point 
ground  system  most  emphatically  did  not  eliminate 
all  transient  voltage  produced  by  the  flow  of  lightning 
current  through  the  structure  of  the  aircraft. 

The  second  was  that  the  characteristic  response 
of  the  wiring,  both  for  voltage  and  for  current,  was  a 
damped  oscillation  with  a  frequency  in  the  range  1  to  5 
MHz.  The  very  abbreviated  series  of  test  results  just 
presented  does  not  indicate  the  fact  clearly,  but  the 
frequency  of  oscillation  depended  considerably  on  the 
length  of  the  circuit  involved:  the  longer  the  physical 
length  of  the  wires,  the  lower  the  oscillatory  frequen¬ 
cies.  This  was  not  a  clear-cut  rule,  since  the  response 
of  any  one  circuit  was  greatly  influenced  by  the  high 
degree  of  coupling  between  all  of  the  different  circuits. 

The  third  significant  point  is  that  the  total  cur¬ 
rent  on  any  cable  bundle  was  of  the  order  of  20  to  100 
A  for  an  average  lightning  flash.  This  bulk  cable  cur¬ 


rent  was  again  oscillatory  with  a  frequency  tending  to 
correspond  to  the  length  of  the  cable  bundle. 

The  fourth  point  was  that  the  equipment  bays 
in  this  aircraft,  not  being  designed  for  electromagnetic 
shielding,  allowed  significant  amounts  of  magnetic  flux 
to  develop  within  those  bays.  This  is  particularly  true 
of  those  bays  intended  for  ease  of  access.  As  a  rule 
of  thumb,  it  might  be  expected  that  on  aircraft,  the 
equipment  bays  housing  electronic  equipment  might 
well  be  fitted  with  covers  designed  more  with  ease  of 
access  in  mind  than  with  magnetic  shielding  qualities 
in  mind.  It  must  thus  be  expected  that  those  enclo¬ 
sures  for  which  the  electromagnetic  shielding  should  in 
principle  be  the  greatest  may  well  be  those  enclosures 
having  the  poorest  shielding. 

Finally,  the  measurements  of  magnetic  fields  indi¬ 
cated  that  there  will  seldom  be  any  clear-cut  manner 
in  which  electrical  wiring  can  be  oriented  so  as  to  pick 
up  the  minimum  value  of  magnetic  field  and  hence 
have  minimum  induced  voltages.  One  might  best  as¬ 
sume  that  the  magnetic  field  at  any  point  will  always 
be  oriented  in  the  worst  case.  Also,  one  should  assume 
that  the  internal  magnetic  fields  will  be  more  oscilla¬ 
tory  than  the  external  magnetic  fields,  this  because  of 
re-radiation  and  the  frequency  dependent  transmis¬ 
sion  of  energy  through  apertures. 

No  attempt  was  made  to  determine  in  this  air¬ 
craft  the  degree  to  which  any  circuit  voltages  could 
be  reduced  by  the  use  of  shielded  conductors.  It  was 
noted,  however,  that  on  those  circuits  in  which  a  shield 
was  used  and  in  which  the  shield  was  grounded  at  more 
than  one  point,  the  current  on  that  shield  tended  more 
to  have  the  slower  double  exponential  waveshape  of 
the  external  lightning  current  than  to  have  the  high- 
frequency  oscillatory  current  excited  on  all  of  the  un¬ 
shielded  cable  bundles. 

8.7.3  Carbon  Fiber  Composite  Aircraft 

Voltages  and  currents  induced  in  the  wiring  of 
aircraft  using  carbon  fiber  composite  (CFC),  or  gra¬ 
phite/epoxy,  materials  for  structural  members  are  very 
different  from  those  induced  in  aircraft  made  entirely 
from  aluminum.  In  a  metal  aircraft  the  resistance  of 
the  structure  is  very  low  and  the  lightning  current 
flows  mostly  on  the  metal  surface.  Only  relatively 
small  amounts  flow  on  internal  wiring  and  internal 
structures  and  in  general  the  duration  of  current  flow 
is  no  longer  than  that  of  the  external  lightning  current. 
In  a  CFC  aircraft  the  structure  has  a  much  higher  re¬ 
sistance  and  a  much  larger  fraction  of  the  lightning 
current  eventually  flows  on  the  internal  wiring  and  in¬ 
ternal  stricture.  Initially  the  current  may  flow  on  the 
external  structure,  but  at  later  times  it  transfers  to 
the  inside,  a  process  called  redistribution  and  which  is 
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discussed  further  in  §11.4. 

The  redistribution  phenomenon  also  leads  to  the 
internal  currents  flowing  for  much  longer  times;  longer 
even  than  the  duration  of  the  lightning  current.  The 
overall  result  is  that  indirect  effects  in  a  CFC  aircraft 
can  be  more  severe  and  harder  to  deal  with  than  in  a 
metal  aircraft.  Tests  on  a  test  bed  fuselage  for  a  CFC 
aircraft  showed  that  by  the  time  an  external  injected 
current  had  decayed  to  half  value  (82^s),  90%  of  the 
injected  current  wa3  flowing  on  metal  objects  inside 
the  fuselage. 

Because  CFC  aircraft  are  relatively  new,  only  a 
few  test  programs  have  been  undertaken  to  measure 
the  voltages  and  currents  induced  by  lightning.  A  few 
examples  of  voltages  and  currents  will  be  given  here, 
mostly  to  illustrate  the  redistribution  effects  and  to 
illustrate  the  time  scale  over  which  they  take  place. 
Since  the  source  data  is  proprietary,  the  illustrations 
will  not  be  as  extensive  as  those  in  §8.7.1  and  §8.7.2. 

Aircraft  structure:  The  general  nature  of  the  aircraft 
structure  for  which  the  following  measurements  were 
taken  is  shown  in  Fig.  8.31.  The  main  shell  of  the 
aircraft  was  made  from  CFC  laminates.  In  the  nose 
of  the  aircraft  was  an  avionic  equipment  bay  built 
with  aluminum  shelves  upon  which  the  equipment  was 
mounted.  These  shelves  made  good  electrical  contact 
with  the  CFC  fuselage.  In  the  main  part  of  the  fuse¬ 
lage  were  metal  rails  upon  which  seats  were  mounted 
and  various  electrical  power  wires  and  metal  tubing. 


^r/efuselage^ 

metallic  objects 
running  fore  &  aft 


measured  current 


3.1 


Fig.  8.31  General  nature  of  CFC  aircraft  upon 
which  tests  were  made. 


Waveshape  of  injected  current:  The  aircraft  was 
tested  by  injecting  current  pulses  into  the  nose  and 
taking  the  current  off  the  rear.  The  current,  Fig.  8.32, 
had  a  double  exponential  waveshape  with  a  time  to 
peak  of  6  n s  and  a  decay  to  half  value  of  84  ps.  Vari¬ 
ous  peak  amplitudes  were  used,  ranging  from  1  kA  to 
10  kA.  Fig.  8.32  shows  a  current  pulse  with  a  peak 
of  1  kA.  This  waveform  is  nearly  identical  to  current 
Component  A. 


Fig.  8.32  Waveshape  of  current  injected  into 
CFC  aircraft. 

(a)  Front  of  wave 

(b)  Tail  of  wave 


Current  on  metal  members:  Current  flowing  on  one 
of  the  metal  tracks  used  to  hold  the  seats  is  shown  in 
Fig.  8.33(a)  and  current  on  an  aluminum  duct  carry¬ 
ing  air  for  heating  is  shown  on  Fig.  8.33(b).  If  the 
injected  current  were  200  kA,  there  would  be  11  kA 
and  6.2  kA,  respectively,  on  these  members.  These 
currents  are  much  higher  than  would  be  encountered 
in  a  metal  aircraft.  They  flow  on  these  particular  mem¬ 
bers  because  they  are  the  ones  that  have  a  fairly  low 
resistance.  The  currents  themselves  presen'  no  haz¬ 
ard  to  those  objects  since  the  current  flows  for  only 
a  short  time,  but  allowance  must  be  made  to  ensure 
that  the  current  can  flow  without  any  sparking.  The 
current  is  also  seen  to  reach  its  peak  long  after  the 
injected  current  has  begun  to  decay.  This  is  because 
the  inductive  time  constant,  r  =  L/R,  is  longer  than 
the  corresponding  time  constant  of  the  fuselage  of  the 
aircraft. 

Currant  on  a  power  bus:  Current  on  one  of  28  V 
power  return  wires  is  shown  on  Fig.  8.34.  If  the  cur¬ 
rent  injected  into  the  aircraft  were  200  kA,  there  would 
be  2.04  kA  flowing  in  this  wire.  This  is  also  a  current 
considerably  higher  than  would  flow  in  a  comparable 
circuit  on  a  metal  aircraft.  The  current  did  not  reach 
its  peak  until  nearly  300  ps,  by  which  time  the  injected 
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current  would  have  decayed  to  nearly  zero.  This  long 
time  constant  results  from  the  low  dc  resistance  of  the 
copper  power  cable,  and  its  relatively  high  inductance. 

The  tests  showed  that  high  voltages  could  be 
produced  on  power  buses.  The  bus  voltages  can  be 
clampud  to  levels  that  do  not  present  a  hazard  to 
equipment  on  the  bus,  but  currents  similar  to  that  on 
Fig.  8.34  would  then  flow  through  the  protective  de¬ 
vices.  This  question  of  current  that  can  flow  through 
protective  devices,  and  the  analyses  that  must  be  made 
to  be  sure  that  the  devices  are  properly  rated  is  dis¬ 
cussed  in  Chapter  17. 


Fig.  8.33  Currents  flowing  through  meted  members 

(a)  Current  on  a  seat  rail 

(b)  Current  on  an  air  tube 


Fig.  8.34  Current  flowing  on  a  28  V  power 
return  wire 


Significant  conclusions:  The  most  important  point 
shown  by  tests  on  CFC  aircraft  are  that  fairly  large 
voltages  can  be  developed  on  wiring  and  that  fairly 
large  currents  can  flow  on  metal  objects  inside  the  air¬ 
craft.  Large  currents  also  can  flow  through  protective 
devices  when  they  act  to  limit  overvoltages,  particu¬ 
larly  if  the  protective  devices  are  connected  between 
line  and  aircraft  structure!  Stated  another  way,  this 
means  the  surge  impedance  of  the  circuits  in  CFC  air¬ 
craft  may  be  very  low. 
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Chapter  9 

EUEMFNTAkY  ASPECTS 


9.1  Introduction 

v  •  ' 

For  reference  and  to  r>void  repetition  elsewkeve, 
some  concepts  of  electrical  circuits  and  electromag¬ 
netic  theory  will  be  reviewed  in  this  chapter.  Mathe¬ 
matical  operations  are  veviewed  with  particular  atten¬ 
tion  to  the<  use  of  imaginary  or  complex  arguments. 
The  concept  of  voltage  as  the  line  integral  of  electric 
field  is  reviewed  since  it  is  of  fundamental  importance 
in  understanding  how  voltages  are  developed  on  wiring 
inside  an  aircraft  struck  by  lightning.  Magnetic  field 
effects  are  treated  in  detail  since  there  are  some  subtle 
points  about  flux  linkages  and  inductance  of  conduc¬ 
tors  that  are  not  always  appreciated.  A  most  impor¬ 
tant  subject  is  that  of  §9.7.2,  where  it  is  pointed  out: 
that  current  flowing  along  a  circular  tube  does  not 
produce  a  magnetic  field  within  the  tube. 

Capacitance  effects  are  also  treated,  the  most  im¬ 
portant  points  probably  being  those  related  to  dis¬ 
placement  currents  induced  by  a  changing  electric 
field. 

The  discussions  of  internal  and  external  surface 
current  density,  §9.9,  should  be  reviewed  carefully 
since  they  deal  with  why  it  is  that  conductors  run 
along  one  path  may  be  exposed  to  dangerous  voltages 
as  a  result  of  lightning  currents  while  conductors  run 
along  another  path  will  experience  only  minor  volt¬ 
ages.  The  discussions  of  how  much  voltage  is  induced 
in  loops  exposed  to  changing  magnetic  fields,  §9.7.4, 
and  how  much  current  flows  in  objects  exposed  to  a 
changing  electric  field,  §9.8.4,  are  also  of  fundamental 
importance.  Those  discussions  arc  presented  in  the 
classical  frequency  domain  formulations.  For  analysis 
of  lightning  effects  it  is  more  useful  to  have  formu¬ 
lations  in  the  time  domain.  These  are  provided  in 
Chapter  10. 

9.2  Symbols  end  Units 

In  Chapters  9  -  18  dimensions  will  generally  be 
given  in  SI  units  with  English  equivalents  in  parenthe¬ 
ses.  Symbols  will  generally  be  as  follows  with  excep¬ 
tions  as  noted  in  the  text. 

A  =  amperes 
4  *  area  -  rnJ 
•i  i=  radius  -  m 
C  -  Coulombs 
C  =  capacitauce  -  F 


OF  INDIRECT  EFFECTS 

r  t 


c  =  velocity  of  light  -  3  x  10®  m/s 
D  =  time  derivative  of  E  -  V/m/sec 
E  =  electric  field  intensity  -  V/m 
F  =  Farads 

t 

'  /  =  frequency  -  H, 

H  —  Henries 

H  =  magnetic  field  intensity  -  A/m 
I  —  current  -  A 
j  —  current  density  -  A/ra* 
j  =  imaginary  operator  -  >/^ T 
L  —  inductance  -  H 
,  ’  4s  length  -  m 
m  =  meters 
R  =  resistance  -  f? 
r  as  radius  -  m 

S  —  Siemens  (unit  of  conductivity) 
s  =  seconds 
t  —  time  -  s 

V  =  Volts 

V  -  voltage  -  V 

v  —  velocity  m/s 
7  =  propagation  constant 
to  =  permittivity  -  F/m 
’!  ~  wave  impedance  -  ohms 
p  =  permeability  -  H/m 
/<o  —  permeability  of  free  space  -  H/m 
Hr  as  relative  permeability 
Q  =s  Ohms 

w  **  angular  frequency  -  2irf 
p  —  resistivity  -  Q  •  m 
a  —  conductivity  -  S 

3.3  Mathematical  Operations 

Mathematic*]  analysis  m  electromagnetic  effects 
frequently  involves  functions  with  complex  arguments. 
Some  identities  commonly  encountered  are  the  follow¬ 
ing.  Others  cau  be  found  in  any  mathematical  hand¬ 
book. 
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9.3.1  Complex  Numbers 

j  =  \/— T 

•  i/j  m  -j 
y/j \m  (1 

i/V7  *=  (i  -  iJ/v^ 

l/v/2>  —  (1  —  i)/2 
(x  +  jy)  =  r(cos  ^  +  j  sin 
*  cos  4>  +  j  sin  <t> 
whence  x  +  jy  ®s  re3* 

with  r  =  v/xa  +  y* 

<j>  -  tan^Hv/*) 

e(i+i)#  *.  e#(cos  ^  +  j  $in 
log(x  +  jy)  =  logr  +  j<t> 

e~>*  =  cos  ^  -  j  sin  ^ 
e-(t+»4  _  e"*(cos^  —  j  sin^) 

9.3.2  Drigonometric  and  Hyperbolic 
Identities 

sinh_1(x)  =  ln(x  +  y/x*  +  l)  —  oo  <  x  <  oo 
cosh'  *(x)  =  In  (x  +  y/ x*  —  l)  x  >  1 
tanh~*(x)  as  i ln(  j  —  -  1  <  x  <  1 

coth_1(x)  =  ^  ln(*  *  J)  x  >  1  or  x  <  —1 

•  J.  “*  X 

ain(jx)  a*  j  sinh(x) 

COS (jx)  ss  cosh(x) 
tan  (jx)  =  j  tanh(x)' 
cot(jfx)  =  —  j  coth(x) 
sinhO'x)  =  j  sin(x) 
cosh(jx)  =  cos(x) 
tanh(jx)  as  j  tan(x) 
coth(jx)  *  —  j  cot(x) 

9.3.3  Bessel  and  Hankel  functions 

Bessel  and  Hankel  funtions  are  frtsquently  encoun¬ 
tered  in  analyses  of  circular  objects,  such  as  electrical 
conductors.  Bessel  functions  are  given  by  the  follow¬ 
ing  series,  the  arguments  of  which  can  be  either  real 
or  complex.  The  most  commonly  encountered  complex 
argument  is  that  for  Cy/w/2  or  (1  +  j)C. 


Functions  of  the  first  kind,  orders  aero  and  one 

(9.1) 


X*  X®  X® 

•Ju(x)  -  1  -  +  ^2)  “  29(3) 


T/  x  x3  x»  .rT 

*  —  2  4£>(1)  +  029(2)  D( 3) 

where  £>(1)  =  22 

29(  2)  =  22  •  42 
29(3)  —  22  •  42  •  62  etc. 


(92) 


■9.3) 


Functions  of  the  second  kind,  orders  zero  and 
one 


V'o(x) 


-5{ 


}</«( 


ln(x)  -1ii(2)  +  7>J0(x) 


+  *(29(1)  V  '  29( 2)  V  ’ 


+  29(3)*(3) 


-•} 
I 


(9.4) 


ln(2)  +  7  \Jiix)  ~ 


Fi(x)  =  ^jln(x)-] 

-  Hi -45rn|t,1,+ 412,1 

+  65[2)W2)  +  $(3)1  (95) 

where  7  =  0.57722  Euler’s  constant  (!).G) 

*(p)  =  1  +  1/2  +  1/3  +  •••1/p  (9.7) 

Modified  functions  of  the  first  kind,  orders  zero 
and  one 


/o(x)  «=  1  + 


X2  X4  X6 

D(I)  +D(2)  +D(i) 


/i(x)  =  5  +  .  ~ .  v  + 


2  429(1)  629(2)  817(3) 


(9.8) 


(9.9) 


Modified  functions  of  the  second  kind,  orders 
zero  atid  one 


iio(*)  -  —  jln(x)  -  h»(2)  +  7}/o(x) 

A'.(x)  *  {ln(x)-ln(2)  +  7}/.(x)  +  i 

-{!+4WIjl*“,  + 4(2)1 
+  555)(*(ii)  + 4(3)1 

(9.10) 
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Hankel  functions  of  the  first  kind,  order  n 

,  HPW^JnM+jYnix)  (0.11) 

Hansel  functions  of  the  second  kind,  order  n 

H^(x)^Jn(x)-jYn(x)  (9.12) 

Calculation  of  fuuctionst  A  computer  routine  for 
calculation  of  Bessel  functions  is  discussed  in  §9.11. 

9.4  Characteristics  of  Materials 

9.4.1  Free  Space 

The  permeability  and  permittivity  of  free  space 
are  defined  as; 

fig  =  An  x  10-T  H/m  (9.13) 

e0  «  8.854  x  10~12  F/m  (9.14j 

10~9 

e°  *  gg^r  F/m.  (9.15) 

Three  numerical  quantities  involving  fx0  and  e0, 
taking  to  as  defined  by  Eq.  9.15,  are; 

1/2 

>?o=  —  =  377  (9.16) 

.  £o , 

1  -1  1/2 

—  =  3  x  10®  m/s  (9.17) 

po«o  J 

=  (velocity  of  light) 

.  -i  1/2 

i-  Hi  =60.  (9.18) 

2lr  «0 , 

Eq.  9.16  defines  the  wave  impedance  for  plane  waves 
propagating  in  free  space; 

>jo  =  E/H.  (9.19) 

Eq.  9.17  defines  the  velocity  with  which  electromag¬ 
netic  waves  propagate  in  free  space.  Useful  engineer¬ 
ing  approximations  for  this  velocity  are  0.3  m/ns  or  1 
ft/ns. 

9.4.2  Other  Materials 

Any  medium  other  than  free  space  (or  in  prac¬ 
tice  any  gas)  will  have  a  permeability  71  =  p0Pr  and 
permittivity  e  =  r«cr  higher  than  given  by  Eqs.  9.13 
and  9.14.  The  materials  dealt  with  in  analysis  of  light¬ 
ning  effects  on  aircraft  will  practically  always  be  non¬ 


magnetic  (aluminum,  copper,  composites  etc.)  and 
the  relative  permeability  can  be  taken  as  unity,  but 
the  relative  permittivity  will  be  higher,  typical  values 
being  given  in  Table  9.1. 

Table  9.1 

Relative  Permittivity  of  Some 
Common  Materials 


Material 

Ralativa 

Permittivity 

Air 

1.0 

Glass 

3.0 

Mica 

6.C 

Oil 

2.3 

Paper 

1.5  -  4.0 

Polycarbonate 

2.6 

Polyethelene 

2.3 

Polystyrene 

2.7 

Porcelain 

5.4 

Quartz 

5.0 

Teflon 

2.0 

9.4.3  Resistivity  of  Materials 

Resistivities  (inverse  of  conductivity)  of  typical 
aircraft  materials  cue  given  in  Table  9.2.  Metals  are 
isotropic  materials  and  the  resistivity  does  not  depend 
on  the  direction  of  current  flow,  but  composite  materi¬ 
als,  because  they  are  generally  built  up  of  plies  bonded 
together  with  non-conductive  resins,  are  non-isotropic 
and  the  resistivity  may  depend  on  the  direction  of  cur¬ 
rent  flow  and  the  current  density.  Values  given  in  Ta¬ 
ble  9.2  are  average  values. 

Table  0.2 


Resistivities  of  Typical  Metals 


Matarial 

Resistivity 
ohm- maters 

Conductivity 
as  a  fraction  of 
that  of  copper 

Resistivity 
relative  to 
copper 

copper 

1.68  x  10"* 

1.0 

1.0 

aluminum 

2.69  x  10-* 

0.62 

1.6 

magnesium 

4.46  x  l(r* 

0.38 

2.65 

nickel 

10  x  10-* 

0.17 

6 

Monel 

42  x  10-* 

0.04 

25 

stainless  steel 

TO  x  10-* 

0.024 

42 

Inconel 

100  X  io-* 

0.017 

00 

titanium 

180  x  10-* 

0.009 

107 

Aluminum  alloys  range  {ram  2.8  to  5-8  x  10~'  ohm-meten.  Harder 
alloys  generally  have  higher  resistivities.  Magneeluro  aiioys  con¬ 
taining  aluminum  and  nine  range  from  10  to  17  x  10~(  ohm-meten. 


9.4.4  Good  vs  Bad  Conductors 

If  a  unit  cube  (all  sides  =  1  m)  of  material  is 
bounded  on  opposite  faces  by  electrodes,  and  a  voltage 
is  impressed  on  the  electrodes  there  will  be  a  current 
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( 


through  the  material,  partly  because  of  resistive  con¬ 
duction  and  partly  because  of  capacitive  displacement. 

For  resistive  conduction] 


where 


i 


7  *  a  +  j&. 

'  -  . 


(9;J7) 


i  =  Ecr 

(9.20) 

a  =  w 

For  capacitive  conduction! 

i 

»  =  juEe. 

(9.21) 

/J  =  w 

- l) 


f  ,{9^: 


A  good  conductor  is  one  in  which  resistive  con¬ 
duction  current  predominates  (<r  »  we)  and  a  poor 
conductor  or  insulator  is  one  in  which  capacitive  dis¬ 
placement  current  predominates  (we  >  a).  The  dis¬ 
tinction  may  depend  on  frequency. 

9.4.5  Skin  Depth 

If  current  is  applied  to  the  surface  of  a  conducting 
material  it  will  penetrate  into  the  material  and  the 
depth  at  which  the  relative  current  density  drops  to 
1/e  is  defined  as  the  skin  depth.  Skin  depth  is  a  term 
that  appears  in  the  expressions  for  surface  and  transfer 
impedances  of  conductors,  as  discussed  further  in  §9.9. 
It  is: 


A  numerically  useful  expression  is: 


m. 


(9.22) 


The  real  part,  a,  defines  the  attenuation.  Between  tvo 
points  /  meters  apart  a  signal,  voltage  oi  current,  at¬ 
tenuates  by  al  nepers.  The. imaginary  part,  /?,  defines 
the  phase  shift:  Between  two  points  /  meters  apart  a 
signal  of  angular  frequency  w  undj-g06s  phase  shift 
of  w/  radians.  The  phase  constant  is  closely  relafcod  to 
the  velocity  at  which  signals  propagate. 


In  a  material  having  good  conductivity 
placement  current  is  negligible,  thqe:  ,  V 


7  =  (1  +  j ) 


(9.30) 
the  dis- 


(9.31) 


The  quantity  multiplying  (1 ,  +  j)  is  the  reciprocal  of 
the  skin  depth,  Eqs.  9:22.  Thus: 


6 


50 

7T 


1/2 


m. 


(9.23) 


9.4.6  Propagation  Constant 

The  propagation  constant  of  a  material  or  a  con¬ 
ductor  defines  the  velocity  with  which  signals  prop¬ 
agate  and  the  rate  at  which  they  attenuate.  For  a 
material  the  propagation  constant  is: 


7  =  (9-‘32) 

7  —  ^£45  deg.  (9.33) 

b 

In  a  good  conductor  the  attenuation  and  phase  con¬ 
stants  are  equal;  the  phase  angle  is  45  degrees.  It  is 
this  property  that  leads  to  the  need  to  evaluate  various 
functions  with  a  complex  argument  of  45  degrees. 

In  an  insulating  material  the  conduction  current 
is  negligible,  thus: 


7  =  [)u)//(cr  +  >we)]1/'2 

(9.24) 

(9.25) 

Some  notations  use  k  for  the  propagation  constant 
and  define  it  as: 

k  =  [wp(<r  +  ju>e)]1^2.  (9.26) 

Using  that  notation,  k  =  jj,  where  7  is  defined  by  Eq. 

9.25. 

In  general,  the  propagation  constant  has  real  and 
imaginary  parts: 


7  =  jw(/ze)1/2  (9.34) 

7  »  (9.35) 

'  t; 

where  v  is  the  velocity  of  propagation  in  the  medium. 

A  conducting  wire  will  also  have  a  propagation 
constant, 

7  =  [ZF]1/2.  (9.36) 

where  the  series  impedance  per  unit  length  is 

Z  a*  R  +  juL  (9.37) 
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and  the  bhunt  admittance  per  vnit  length  is 

I  Yi  G  +  juC.  '  (9.38) 

For  a  copducting  wire  in  a  homogeneous  medium  the 
two  propagation  constants  will  be  equal  at  the  surface 
sof  the, omductor.' : 

9.5  Geometric  Mean  Distances 

Geometric  mean  distances  and  radii  [9.1]  are  a 
mathematical  concept  of  particular  use  when  evaluat¬ 
ing  the  impedar.ee  of  conductors  or  groups  of  conduc¬ 
tors.  They  will  be  introduced  here  as  a  mathematical 
,  device  and  the  results  used  later  when  discussing  in¬ 
ternal  impedance  af  conductors. 

The  geometric  mean  distance,  GMD,  from  point 
P  to  the  three  points  1,  2  and  3  of  Fig.  9.1  is  defined 
as:  •  «■  ‘  i;  ■- 

GMD  =  (SlS2S3)1'3.  (9.39) 

If  there  were  n  points,  the  GMD  would  be 

GMD  =  (S1S2S3---Sn)1'n.  (9.40) 

A  circle  can  be  considered  as  an  infinite  number 
of  points  on  a  line,  while  an  annulus  or  disk  can  be 
considered  as  an  infinite  number  of  points  over  an  area. 
If  all  the  points  have  equal  weight,  the  GMD  can  be 
considered  as  an  effective  distance  from  the  assembly 
of  points  to  an  external  point.  For  circular  geometries 
the  GMD  to  an  external  point  is  the  distance  from 
the  point  to  the  center  of  the  circle. 


Fig.  9.1  Geometric  mean  distance. 


The  concept  of  GMD  can  also  be  extended  to  de¬ 
fine  the  effective  distance  of  all  the  points  from  each 
other.  That  distance  is  called  the  geometric  mean  ra¬ 
dius,  GMR.  With  regard  to  Fig.  9.2  the  GMD  is: 

GMD  «  [(rar*r3  ■  •  •  r„)1/"(5;25,J514  ■  •  •  Sln)] l/" 

(9.41) 

The  GMR  of  some  common  geometries  is  given 
in  Fig.  9.3. 


Fig.  9.2  Geometric  mean  radius  of  a  group  of 
conductors.  > 


u 


2R 

T 

Jl 

2R 

T 


circle 


dak 


2RiCJ  2r2 


GMR  =  R 


GMR  =  R  !v.(l/4)  =  0.778SR 


annulus 


GMR  = 


Rj  ln(Ri)  -  R;  ln(R2) 
Rj  -  R2 


1 

2 


_L 

T 


GA/R=[nrR(n-1)],/n 


n  conductors 
equally  spaaed 


GMR  =  0.2235(a  -(-  6)  -  very  nearly 


-H  *  h 


reotanfle 


Fig.  9.3  Geometric  mean  radii  of  some 
common  geometries. 
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In  the  context  of  electric&l  conductors  the  points 
can  be  considered  as  the  ends  of  current  carrying  fila¬ 
ments  while  the  term  "equal  weight”  implies  that  all 
the  filaments  carry  equal  current.  In  this  context  the 
GMR  of  an  irregular  shaped  conductor,  or  of  a  group 
of  conductors  in  parallel,  is  the  effective  radius.  The 
concept  is  valuable  since  the  self-  inductance  of  any 
conductor  is  equal  to  the  mutual  inductance  between 
two  filaments  separated  by  the  GMR.  That  concept 
is  discussed  further  in  §9.7.3. 


monly  “ground”  is  assigned  a  reference  potential  of 
zero  and  the  potential  of  the  sphere  relative  to  a  zero 
potential  ground  is  found  by  integrating  the  field  along 
the  path  S  between  the  sphere  and  ground.  Hypo¬ 
thetically  the  integration  can  be  done  by  connecting  a 
perfect  voltmeter  between  the  sphere  and  ground.  The 
resulting  deflection  of  the  meter  defines  the  voltage  of 
the  sphere,  though  for  exactness,  one  should  say  that 
the  meter  indicates  the  voltage  of  the  sphere  relative 
to  the  ground. 


9.6  Voltage  and  Current  Concepts 

Experience  shows  that  some  concepts  of  electrical 
circuits  are  not  as  well  understood  as  they  might  be, 
especially  by  those  that  are  not  specialists  in  the  field 
of  electromagnetic  interactions.  Some  of  the  more  im¬ 
portant  points  are  reviewed  in  the  following  sections. 

9.6.1  Lumped  Constant  Elements 

The  relationships  between  voltage  and  current  for 
lumped  constant  circuit  elements  are  well  known. 

Resistance 

i  m  E/R  (9.42) 


Inductance 


E 

ju>L 


E  —  L  di/dt 


Capacitance 


*  =  juC 
i  =  C  dE/dt 

“-hi** 


(9.43) 

(9.44) 

(9.45) 


(9.46) 

(9.47) 

(9.48) 


9.6.2  Voltage  as  the  Line  Integral  of 
Potential 

The  definition  of  voltage  as  the  line  integral  of  po¬ 
tential  is  less  well  appreciated.  Voltage  and  potential 
are  different  concepts.  A  charged  sphere,  for  example, 
Fig.  9.4,  will  establish  a  field  E  in  the  surrounding  re¬ 
gion.  The  potential  of  the  sphere  cannot  be  established 
independently;  it  can  only  be  established  by  defining 
some  separate  point  as  a  reference  potential.  Corn- 


Fig.  9.4  Voltage  as  total  difference  of  potential. 

9.6.3  Importance  of  the  Path  of  Integration 

Does  the  voltage  depend  on  the  path  of  integra¬ 
tion  or  upon  the  path  taken  by  the  leads  connecting 
the  voltmeter  to  the  sphere  and  ground?  This  is  not 
a  trivial  question;  it  is  of  fundamental  importance  for 
understanding  how  voltages  develop  in  objects  carry¬ 
ing  current,  such  as  an  aircraft  carrying  lightning  cur¬ 
rent. 

DC  and  lumped  constant  elements!  For  dc  con¬ 
ditions  the  answer  is  that  the  path  taken  by  the  mea¬ 
suring  leads  does  not  influence  the  voltage,  but  for  ac 
or  transient  conditions  this  is  true  only  if  the  mea¬ 
suring  leads  traverse  a  region  free  of  electromagnetic 
fields.  As  a  practical  matter  this  situation  is  found 
only  when  measuring  the  voltage  across  lumped  con¬ 
stant  elements,  those  in  which  the  electromagnetic 
field  is  entirely  enclosed  within  the  element. 

As  an  example,  the  ac  voltage  developed  across 
the  winding  of  a  transformer  can  be  measured  with¬ 
out  regard  to  where  one  places  the  measuring  leads 
because  the  magnetic  field  inducing  the  voltage  in  the 
windings  is  entirely  (or  nearly  entirely)  contained  in 
the  core  of  the  transformer.  The  external  magnetic 
field  is  negligible  (ideally  zero)  and  so  not  able  to  in¬ 
duce  any  voltage  in  the  measuring  leads. 
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Distributed  circuits:  With  distributed  circuits  the 
role  of  the  electromagnetic  fields  and  their  effect  on 
the  measuring  leads  is  very  important  since  the  voltage 
does  depend  on  the  path  taken  by  the  measuring  leads. 

As  an  example,  consider  Fig.  9.5  where  an  al¬ 
ternating  current  is  flowing  through  a  metal  cylin¬ 
der.  In  an  attempt  to  measure  the  voltage  drop  along 
the  cylinder  an  experimenter  has  connected  four  volt¬ 
meters,  and  has  observed  that  all  four  meters  respond 
differently.  They  also  respond  different  from  the  me¬ 
ter  measuring  the  voltage  of  the  power  supply  used  to 
circulate  the  current. 


Fig.  9.5  Voltage  as  a  function  of  path. 


Which  meter  records  the  correct  voltage  or  are 
any  of  them  correct?  The  answer  is  that  all  of  them 
respond  correctly  since  there  is  no  unique  “voltage 
drop”  associated  with  the  pipe;  each  of  the  meters  re¬ 
sponds  differently  because  for  each  situation  the  elec¬ 
tric  field  is  evaluated  around  a  different  path.  The 
external  voltmeters  respond  primarily  to  the  magnetic 
field  surrounding  the  cylinder.  The  leads  connecting  to 
meter  1  intercept  more  magnetic  flux  than  do  the  leads 
connecting  to  meter  2  and  consequently  there  is  more 
voltage  induced  in  the  leads  of  meter  1  them  meter  2. 
The  amount  of  voltage  induced  in  a  loop  exposed  to  a 
magnetic  field  is  discussed  in  §9.7.4. 

The  leads  for  meter  3,  which  run  flush  with  the 
surface  of  the  cylinder  intercept  no  magnetic  flux.  As  a 
result,  meter  3  responds  only  to  the  voltage  produced 
by  the  current  flowing  through  the  resistance  of  the 
cylinder. 

Meter  4  responds  differently  yet.  Since  there  can 
be  no  magnetic  field  within  the  cylinder  (see  §9.7.2) 
there  can  be  no  voltage  induced  magnetically  in  the 
leads.  The  meter  does,  though,  respond  to  the  voltage 
produced  by  the  flow  of  current  through  the  resistance 
of  the  cylinder,  but  it  still  indicates  a  different  voltage 
from  meter  3.  The  reason  is  that  meter  3  responds  to 
the  density  of  the  current  flowing  on  the  outer  surface 
of  the  cylinder  while  meter  4  responds  to  the  density  of 


the  current  flowing  on  the  inner  surface  of  the  cylinder. 
The  two  are  different,  as  discussed  further  in  §9.6.4. 

The  concept  of  voltage  as  the  line  integral  of  elec¬ 
tric  field  around  a  particular  path  is  of  great  impor¬ 
tance.  Anomalies  of  voltage  on  circuit  elements  can 
generally  be  explained  by  careful  attention  to  the  path 
along  which  connecting  wires  are  routed. 


9.6.4  Internal  vs  External  Impedances 


Consider  Fig.  9.6  winch  shows  voltage  applied  to 
series  circuits  composed  of  a  conductor,  a  return  path 
and  the  gap  between  the  two.  The  applied  voltage  V 
must  be  equal  to  the  line  integral  of  all  the  electric 
fields  around  the  loop,  that  is,  the  sum  of  Ec,  Er  and 
E3  where  Ec  is  defined  as  the  surface  electric  field  of 
the  conductor,  Er  the  surface  electric  field  of  the  re¬ 
turn  path  and  Eg  is  the  electric  field  of  the  gap  or 
space  between  the  conductor  and  the  return  path. 


conductor 


path 


Fig.  9.6  Components  of  electric  field. 

(a)  Conductor  over  a  ground  plane 

(b)  Coaxial  conductors 


In  Fig.  9.6(a)  Ec  is  best  described  as  the  external 
surface  electric  field  with  external  return  since  the  re¬ 
turn  path  is  external  to  the  conductor.  In  Fig.  9.6(b) 
Ee  is  best  described  as  the  internal  surface  electric  field 
with  internal  return. 

The  various  electric  fields  can  be  related  to  the 
conductor  current  through  impedances.  On  Fig.  9.7 
are  depicted  the  internal  impedance  of  the  conductor, 
the  internal  impedance  of  the  return  path  and  the  ex¬ 
ternal  impedance  of  the  conductor,  or  the  impedance 
of  the  gap  between  the  conductor  and  Feturn  path. 
The  internal  impedances  of  the  conductor  and  return 
path  are  properties  of  the  materials  and  the  sizes  of  the 
conductors  and  can,  in  the  frequency  domain,  be  sep- 
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arated  into  real  and  imaginary  components.  The  real 
part  is  a  measure  of  resistance  and  the  imaginary  com¬ 
ponent  is  a  measure  of  the  internal  inductance  or  the 
magnetic  flux  within  the  conductor.  At  dc  the  internal 
impedance  of  the  conductor  is  just  its  resistance. 


internal  impedance 


external  impedance 

Fig.  9.7  Components  of  impedance. 


Evaluating  these  various  impedances  can  be  done 
just  as  a  mathematical  manipulation  of  equations,  but 
it  seems  best  to  present  some  of  the  physical  phenom¬ 
ena  involved.  This  is  done  in  the  following  three  sec¬ 
tions.  Inductance  and  related  magnetic  field  effects 
are  covered  in  §9.7  and  capacitance  and  related  elec¬ 
tric  field  effects  are  covered  in  §9.8.  Both  sections  deal 
with  subjects  other  than  the  impedance  of  conductors. 
Chapter  10  deals  with  mathematical  formulations  in 
the  time  domain  of  surface  and  transfer  impedances. 


9.7  Magnetic  Field  Effects 

Magnetic  field  effects  are  probably  the  major  rea¬ 
son  why  voltages  are  induced  on  aircraft  wiring  by 
lightning  currents  flowing  on  the  aircraft.  Situations 
where  shielding  proves  to  be  ineffective  are  usually 
those  where  magnetic  field  effects  have  been  over¬ 
looked.  Capacitive  effects  are,  of  course,  also  of  im¬ 
portance,  but  those  are  discussed  in  §9.8. 

9.7.1  Field  External  to  a  Conductor 


The  external  impedance  is  a  property  of  the  space 
between  the  conductor  and  the  return  path,  that  is,  of 
the  size  and  shape  of  the  conductor,  the  separation 
from  the  return  path  and  of  the  material  (insulation) 
between  the  two.  With  high  frequencies  the  capaci¬ 
tance  of  the  insulation  must  be  included  in  the  insula¬ 
tion  impedance  and  it  may  also  be  more  appropriate  to 
treat  the  insulation  losses  as  a  shunt  resistance.  Fig. 
9.7(a)  shows  the  external  impedance  resolved  into  a 
series  connection  of  resistance  and  inductance,  while 
Fig.  9.7(b)  shows  it  resolved  into  a  set  of  parallel  ad¬ 
mittances. 

Another  circuit  concept  is  that  of  transfer  imped¬ 
ance.  With  a  hollow  conductor,  Fig.  9.8,  the  electric 
field  on  the  inner  and  outer  surface  will,  in  general  not 
be  the  same.  The  transfer  impedance  of  a  conductor  is 
the  quantity  that  relates  the  conductor  current  to  the 
electric  field  along  the  inner  surface  of  the  conductor; 
as  opposed  to  the  external  impedance  which  relates  the 
current  to  the  electric  field  along  the  external  surface. 


K 


Fig.  9.8  Transfer  impedance. 


Infinite  conductor:  In  the  space  around  and  exter¬ 
nal  to  a  conductor  of  infinite  length,  Fig.  9.9,  the 
magnetic  field  is: 

H  =  27TT  A/m'  (9‘49) 

The  return  path  of  the  current  is  assumed  to  be 
so  far  away  that  it  does  not  contribute  to  the  magnetic 
field. 


Fig.  9,9  Magnetic  field  of  an  infinite  conductor 
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Isolated  filament!  On  an  isolated  filament  or  circu¬ 
lar  conductor  carrying  a  current  I  over  its  entire  length, 
Fig  9,10,  the  flux  density  at  point  P  will  be: 

B  as  pi. i  =  4ff  x  10-7-^-(sino  +  sin/3)  A/m.  (9,50) 
4  Trr 

The  return  path  for  the  current  is  assumed  to  be  ao 
far  beyond  r3  that  it  does  not  influence  the  magnetic 
field. 


Fig.  9.10  Magnetic  field  of  a  finite  conductor. 


Dipole:  For  the  limiting  case  of  a  short  dipole,  Fig. 
9.11,  the  field  is: 


H  =  —  ■  sin  a  A/m  (9.51) 

4  it 

The  direction  of  the  flux  around  a  filament  or  a 
cylinder  will  be  as  given  by  the  “right  hand  rule”  il¬ 
lustrated  on  Fig.  9.9.  For  all  high  frequency  condi¬ 
tions  the  magnetic  flux  lines  will  be  parallel  to  the 
surface  of  conductors,  even  if  the  conductors  are  of 
irregular  shape,  and  the  magnitude  of  the  field  inten¬ 
sity,  H,  will  be  identically  equal  to  the  local  surface 
current  density  measured  in  amperes/meter.  For  cir¬ 
cular  conductors  the  orrent  density  will  be  uniform 
and  equal  to  the  total  current  divided  by  the  periph¬ 
eral  distance  around  the  conductor.  For  conductors  of 
irregular  shape  the  current  density  will  depend  on  the 
local  radius  of  curvature  as  discussed  in  considerably 
more  detail  in  Chapter  10. 

The  magnetic  field  external  to  a  current  carrying 
tube  is  the  same  as  though  the  current  were  concen¬ 
trated  on  a  filament  at  the  center, 


9.7.2  Fields  Within  Hollow  Conductors 

If  there  are  several  conductors  the  total  field  in¬ 
tensity  is  the  sum  of  that  produced  by  the  individual 
conductors.  With  two  conductors  each  carrying  an 
equal  current,  Fig.  9.12,  the  fields  will  cancel  at  the 
midpoint.  The  fields  at  other  points  will  not  cancel, 
but  their  sum  will  be  lower  than  in  the  space  outside 
the  conductors.  With  three  equally  spaced  conductors 
carrying  equal  currents  the  fields  will  cancel  at  three 
places.  With  many  conductors  arranged  in  a  circle  and 
each  conductor  carrying  an  equal  current,  the  field  will 
cancel  at  many  points  within  the  circle. 


T 

1 

Fig.  9.11  Magnetic  field  of  a  dipole. 
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conductors 


l 


1/2 


fields 

cancel 


Fig.  9.12  Field  between  two  conductors. 
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9.7.3  Inductance 

The  self-inductance  of  a  conductor  is  defined  as 
the  ratio  of  magnetic  flux  surrounding  a  conductor  to 
the  current  that  establishes  the  flux  while  the  mutual 
inductance  between  two  conductors  is  defined  as  the 
ratio  of  the  magnetic  flux  surrounding  conductor  2  to 
the  current  in  conductor  1. 


in  =  4>i/Ii  (9.52) 

Ln  =  01,/ii  (9.53) 


Isolated  linear  conductors:  Determining  the  in¬ 
ductance  of  a  conductor  requires  integrating  the  mag¬ 
netic  field  intensity  over  an  area  to  determine  the  total 
flux  set  up  by  current  in  the  conductor.  An  elemen¬ 
tary  case  is  that  of  the  isolated  conductor  of  Fig.  9.10. 
in  which  the  return  path  is  assumed  to  be  sufficiently 
far  away  that  the  magnetic  field  from  the  return  path 
is  negligible  compared  to  that  of  the  conductor  under 
consideration.  For  dc  conditions  this  implies  that  the 
return  path  is  at  infinity. 

The  self  inductance  is  controlled  by  the  flux  in  the 
area  A.-B-C-D.  Integrating  Eq.  9.51  first  over  the  lim¬ 
its  —1/2  and  1/2  and  then  integrating  that  expression 
over  the  limits  rj  and  r3  gives: 


(/>  =  2  x  10"T/Z 


-  1  ra 

-hi  —  yj  webers  (9.54) 


from  which  the  inductance  can  be  determined  using 
Eq.  9.52. 

If  there  are  two  conductors,  Fig.  9.13,  the  mutual 
inductance  between  conductors  1  and  2  is  determined 
by  the  flux  between  the  limits  ra  and  r3;  that  is,  the 
flux  in  the  shaded  area. 

The  form  of  the  equation  is  the  same  as  that  of 
Eq.  9.54;  the  limits  being  r*  and  r},  rather  than  r3 
and  ri ,  Note  that  the  radii  of  the  conductors  are  not 
involved,  only  their  locations.  This  implies  that  mu¬ 
tual  inductance  can  be  defined  for  filaments  as  well  as 
conductors. 

How  one  evaluates  the  flux,  and  thus  the  self  or 
mutual  inductance,  depends  on  the  relative  values  of 
r3  and  rj. 


sum  of  all  the  terms  involving  r3  goes  to  zero  and  thus 
the  self-inductance  of  conductor  1  becomes: 

in  =  2  x  10-7JZ  [in  j  1  (l  +  +  } 

-^jj’  +  l  +j]  H  0-55) 

and  the  mutual  inductance  between  conductors  1  and 
2  is: 

Ln  =  2  x  10-’ II [-  ta{  L (l  +  y^j’  +  l)  } 

-  ^(7)  +  1  +  j]  H.  (9.58) 

Case  2  r3  >  !)  and  l  »  r3i  For  a  long  conductor 
under  dc  conditions  the  inductances  are: 


Ln  =  2  x  10~7Z 
Li,  =  2  x  1C~7/ 


In  —  —  l 
.  ri 

In  Hi-! 

r2 


H/m  (9.57) 
H/m.  (9.58) 


Note  that  the  inductances  are  not  directly  propor¬ 
tional  to  length. 

Case  3  l  »  r3:  Where  the  two  conductors  are  parallel 
and  of  equal  length: 


Lu  =2  x  1 0"TZ 
L12  —  2  x  1  (T7! 


ln  — 
n 

ln  — 
ri, 


H 

H 


(9.59) 

(9.60) 
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Casa  l  I  >  r3:  Under  dc  conditions  the  magnetic  field 
extends  to  infinity  and  so  Eq.  9.54  must  be  evaluated 
over  the  limits  r3  =  oo  and  rt.  When  r3  =  oo,  the 
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Fig.  913  Flux  involved  in  mutual  inductance. 


The  mutual  inductance  between  two  filaments  of 
any  arbitrary  orientation  is  calculable  and  while  the 
expressions  are  too  long  to  include  here  they  can  be 
found  in  the  literature  [8.2,  9.3]. 

While  the  inductance  of  an  isolated  conductor  is 
an  important  concept  it  must  be  used  with  care  since 
an  isolated  conductor  cannot  actually  carry  current. 
Current  can  flow  only  if  the  conductor  is  part  of  a 
larger  circuit  and  so  the  inductance  of  an  isolated  con¬ 
ductor  should  then  be  viewed  as  part  of  a  larger  prob¬ 
lem,  one  in  which  the  self  and  mutual  inductances  must 
be  considered  together. 

All  of  these  formulae  give  only  the  external  or 
high  frequency  inductance.  At  low  frequencies  there 
will  also  be  magnetic  fields  within  the  conductor,  a 
subject  treated  in  a.  later  section. 

Time  dependence  of  inductance:  Under  transient 
conditions  one  must  also  consider  the  retardation  ef¬ 
fects  associated  with  the  finite  velocity  of  propagation 
of  an  electromagnetic  field,  since  if  a  current  is  sud¬ 
denly  applied  to  a  conductor,  the  field  will  not  initially 
extend  to  infinity.  Instead  it  will  propagate  away  from 
the  conductor  at  the  speed  of  light.  The  total  amount 
of  magnetic  flux  established  in  the  space  around  the 
conductor  will  vary  with  time,  becoming  larger  with 
time  as  the  fields  propagate  farther  from  the  conduc¬ 
tor.  The  implication  is  that  the  inductance  of  a  con¬ 
ductor  will  be  less  for  short  duration  transients  or  high 
frequencies  than  it  will  be  for  long  duration  transients 
or  low  frequencies.  In  an  engineering  sense  the  effect  is 
of  more  importance  for  long  conductors  than  for  short 
conductors.  In  1/is  a  field  will  propagate  300  m.  For 
a  conductor  one  meter  long  1  p s  might  be  considered 
as  “dc”  conditions,  but  that  would  not  be  the  case  for 
a  conductor  1000  meters  long.  For  aircraft  analyses 
frequency  dependence  of  external  inductance  because 
of  retardation  effects  would  not  normally  be  a  factor 
to  consider  since  the  various  conductors  of  necessity 
are  close  together. 

Coaxial  conductors:  Most  commonly  inductance 
is  evaluated  for  a  “go-return”  circuit.  In  a  coaxial 
system  the  center  conductor  {the  “go”  conductor)  is 
surrounded  by  a  concentric  “return” conductor,  Fig. 
9.14(a),  and  the  inductance  is  found  by  evaluating  the 
field  intensity  between  the  limits  rj  and  rj.  The  cur¬ 
rent  flowing  on  the  cylindrical  return  path  does  not 
need  to  be  considered  since  it  does  not  produce  any 
internal  magnetic  field.  Since  in  any  practical  situa¬ 
tion  *he  length  is  long  compared  to  the  diameter  of 
both  the  inner  and  outer  conductors  the  field  may  be 
evaluated  from  Eq.  9.59. 

In  =  2x  10“Tln[^]  H/m  (9.611 


For  all  practical  cases  there  are  no  end  effects  and  the 
inductance  is  directly  proportional  to  length. 

If  there  were  two  conductors  at  a  spacing  5,  both 
surrounded  by  a  coaxial  return  path,  Fig.  9.14(b)  and 
the  radius  of  the  coaxial  return  path  large  compared 
to  5,  the  mutual  inductance  would  be: 


(a)  Single  conductor 

(b)  Parallel  conductors 


Conductor  pairs:  Two  parallel  conductors  can  also 
be  connected  as  a  “go-return”  pair.  Two  connections 
are  possible,  the  connection  in  which  current  goes  on 
one  conductor  and  returns  on  the  other,  Fig.  9.15(a), 
being  the  most  common  geometry.  The  configuration 
of  Fig.  (9.15(b)  is  impractical  for  straight  conductors 
since  the  magnetic  field  of  the  connecting  leads  would 
influence  the  result,  but  it  is  practical  for  conductors 
bent  into  a  circle  since  that  is  the  geometry  of  a  helical 
coil. 

The  inductance  of  the  pair  involves  four-  conduc¬ 
tors;  the  two  self  inductances  and  the  two  mutual  in¬ 
ductances: 


Lj  =  (in  +  il2 )  +  (^sa  +  is:)-  (9.63) 


If  the  conductors  are  about  the  same  diameter  Lj2 
and  ij]  are  nearly  equal,  even  if  the  conductors  are 
fairly  close  together.  Also,  L\\  and  Lu  will  be  equal 
if  the  diameters  are  the  same.  Thus: 


Lt  =  2  (i„  +  Lt  a)  (9.64) 

Evaluating  the  individual  inductances  in  Eq.  9.63 

gives: 

ir  =  4xlO-7/[ln(^)-l-ln(^)  +  lJ  H  (9.65) 
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If  the  conductors  are  long  compared  to  their 
spacing  the  d/l  terms  cancel  and  the  inductance  be¬ 
comes  directly  proportional  to  length: 

Lt  =  4  X  1CT7  In  [-]  H/m.  (9.66) 

r 

- *EZ  7777 

return  < - B/  /  /  X  /  /  /  / 2  A ' 

(a) 

«° — ^nrrz'r?  /  /  /  /  ^ 
CS7>  /  ;  ;  /  /  /-7-7C 

return  < -  - . . . — — ' 

(b) 


Fig.  9.15  Conductor  pairs. 

(a)  Fields  cancel 

(b)  Fields  add 

Conductors  over  a  ground  plane:  If  current  flows 
along  a  conductor  and  returns  through  a  perfectly  con¬ 
ducting  ground  plane,  Fig.  9.16,  the  current  in  the 
ground  plane  will  be  distributed,  being  most  dense  un¬ 
derneath  the  conductor  and  least  dense  at  points  far 
from  the  conductor.  The  effect  is  the  same  as  though 
the  return  current  were  to  flow  on  an  image  conduc¬ 
tor  underneath  the  ground  plane.  The  self  inductance 
of  a  conductor  over  a  perfect  ground  plane  can  then 
be  visualized  as  that  of  a  conductor  pair,  the  actual 
conductor  and  its  image  in  the  ground  plane.  Taking 
the  individual  inductances  in  Eqs.  9.63  and  9.64,  and 
evaluating  for  the  case  where  l  >  h  gives: 

Ok 

L  =  2xlO"Tln[y]  H/m.  (9.67) 


The  mutual  inductance  between  two  conductors, 
Fig.  9.17,  is 

Lu  =  2  x  10-7  In  [  j]  H/m.  (9.68) 

Ground  planes  that  are  not  perfectly  conducting 
surfaces  are  treated  in  §9.9.3. 


Fig.  9.17  Geometry  involved  in  mutual  inductance. 

Proximity  effects:  The  above  formulations  of  induc¬ 
tance  for  conductor  pairs  and  conductors  over  a  ground 
plane  are  only  approximations  since  they  assume  cur¬ 
rent  to  be  uniformly  distributed  over  the  surface  of  the 
conductors.  This  is  not  the  case  if  the  conductors  are 
close  together.  Exact  formulations  involve  hyperbolic 
functions,  the  inductance  of  &  conductor  over  a  ground 
plane,  for  example  being: 

Lu  m  g  cosh"1  [£] .  H/m  (9.69) 

The  hyperbolic  function  in  Eq.  9.69  can  also  be 
written  as: 


1  — sgzzzzzzzzzjza  T 

|r  h 

<7  //////>//  f 
CZ222ZZZZZZ  LU  x 

Fig.  9.16  Conductor  over  a  ground  plane. 

Only  one  pair  of  inductances  is  involved:  the  im¬ 
age  conductor  does  not  actually  carry  current  and  the 
concept  of  a  perfect  ground  plane  implies  that  it  has 
no  internal  inductance  of  its  own, 
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H/m.  (9.70) 


Thus  exact  expressions  for  inductance  can  be  written 
by  substituting: 


+  1 


for  2±. 
r 


(9.71) 


in  Eq.  9.67. 

Generally  the  error  in  ignoring  proximity  effects 
is  small.  Even  when  h  »  d,  the  simplified  formula  of 
Eq.  9.67  predicts  an  inductance  only  5  %  higher  than 
predicted  by  the  exact  Eq.  9.70.  These  proximity 
effects  do  not  arise  on  isolated  or  coaxial  conductors. 
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Self-inductance  in  terms  of  GMR;  Section  9.5  intro¬ 
duced  the  concept  of  geometric  mean  radius,  GMR , 
and  the  GM R  of  some  common  geometries  was  given 
in  Fig  9.3.  The  self  inductance  of  any  conductor  can  be 
evaluated  by  finding  the  mutual  inductance  between 
two  filaments  separated  by  the  GMR  of  the  conductor. 
As  an  example,  consider  a  circular  tubular  conductor 
with  a  very  thin  wall.  FYom  Fig.  9.3  the  GMR  is 
equal  to  the  physical  radius.  Substituting  the  GMR 
into  Eq.  9.55  for  the  mutual  inductance  of  two  fila¬ 
ments  gives  the  same  formulation  as  Eq.  9.58  for  the 
self  inductance  of  a  conductor  of  radius  r. 

This  approach  to  formulating  self- inductance  is 
of  most  benefit  for  irregularly  shaped  conductors,  Fig. 
9.18.  It  also  provides  a  way  of  evaluating  the  internal 
inductance  of  conductors,  as  discussed  in  the  following 
section. 


GMR 


Fig.  9.18  Self  inductance  in  terms  of  geometric 
mean  radius. 


Internal  inductance  of  conductors:  All  of  the  for¬ 
mulations  of  §9.7.3  relate  only  to  the  fields  external 
to  the  conductors,  the  formulations  being  valid  for  the 
high  frequency  case  where  skin  effects  confine  current 
to  the  surface  of  conductors.  At  lower  freqenries  cur¬ 
rent  penetrates  into  the  conductors  and  a  magnetic 
field  is  established  within  the  conductor,  Fig.  9.19. 
The  maximum  internal  flux  occurs  with  solid  conduc¬ 
tors  and  at  dc  where  the  current  density  is  uniform. 
Under  such  conditions  the  flux  density  varies  as  the 
distance  from  the  center.  The  total  flux  within  the 
conductor  and  the  internal  inductance  are  found  to 
be: 

d  =  /  webers  (9.72) 

OlT 

from  which 

Cm,  -  j  -  -  0.05  ft H/m.  (9.73) 


Fig.  9.19  Internal  and  external  field  density. 

GMR  as  applied  to  internal  inductance:  An  al¬ 
ternative  approach  to  internal  inductance  involves  the 
concept  of  geometric  mean  radius.  In  Fig.  9.1  the 
GMR  of  a  disk  of  radius  r  was  shown  to  be  ln(l/4)  r 
or  0.7788r.  Substituting  this  value  into  Eq.  9.58  for 
the  mutual  inductance  of  two  filaments  gives  the  total 
inductance  of  the  conductor  under  dc  conditions: 

hi  -  2  x  10~TI  [in  y  —  1  +  H/m.  (9.74) 

The  difference  in  inductance  between  the  value  given 
by  Eq.  9.57  (treating  only  external  inductance)  and 
that  of  Eq.  9.74  is  the  internal  inductance,  or  the 
inductance  due  to  magnetic  flux  within  the  conductor. 
Numerically,  for  non-magnetic  conductors,  it  is 

2  x  10~T 

lu  =  -  «  0.05  *«H/m  (9.75) 

While  the  internal  inductance  is  generally  small 
compared  to  the  external  inductance,  it  is  intimately 
linked  with  the  transient  resistance  of  conductors.  The 
transient  resistance  and  internal  inductance  of  con¬ 
ducting  bodies  is  of  such  importance  to  how  lightning 
currents  penetrate  into  aircraft  that  the  subject  of  in¬ 
ternal  impedance  is  discussed  in  much  more  detail  in 
§9.9  and  Chapter  10. 


9.7.4  Practical  aquations  for  inductance 

Equations  have  been  developed  for  the  inductance 
of  almost  any  geometry,  the  best  collection  appearing 
in  (9.4).  Equations  for  a  few  selected  geometries  are 
presented  below.  Inductances  are  in  microhenries  und 
dimensions  are  in  centimeters. 
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Rectangle  of  round  wire:  The  sides  of  the  rectangle 
ere  a  and  6  and  the  radius  of  the  cross  section  is  p. 


L  =  0.004|aln  —  4-  bln  —  +  2y/ a 2  +  b2 
L  P  P 

-  a  sinh-1  ~  —  b  sinh"1  - 
b  a 


26 


—  2(a  +  6)  + 


S<«+‘> 


(9.76) 


For  copper  and  other  nonmagnetic  materials,  p  =  1. 


9.7.5  Magnetic  Induction  of  Voltage  and 
Current 

Magnetically  induced  voltages  and  currents  are 
probably  the  most  common  of  the  indirect  effects  of 
lightning. 

Open  circuit  voltage:  A  changing  magnetic  field 
passing  through  a  conducting  loop,  Fig.  9.20,  induces 
a  voltage: 

e  =  (9-86) 


Regular  polygons  of  round  wire:  The  side  of  the 
polygon  is  s,  and  the  radius  of  the  cross  section  is  p. 

Equilateral  triangle: 


X  =  0.006s  [in  -  -  1.40456  +  £ 

L  P  4, 

Square: 

X  =  0.008s  [in  -  -  0.77401  +  £ 

l  P  4. 

Pentagon: 


(9.77) 


(9.78) 


X  =  0.010s  fin-- 0.40914 +  £ 
l  P  4 

Hexagon: 


(9.79) 


X  a  0.012s 
Octagon: 


In 


-  —  0.15152  +  ~ 
P  4, 


(9.80) 


X  m  0.016s  [in  J  +  0.21198  +  £ 

One  Turn  of  round  wire 
X  •  0.004wr  [in  ~ 

Ring  conductor 

L  «  0.004irr  [in  y 

Helical  colt 

r  2.84o*n*  .. 

L  m  - - —r  cm  dimensions 

9a  + 106 

X  *  ".  zt  inch  dimensions 

9a  + 106 


- 1.78] 

-0.50] 


(9.81) 

(9.82) 

(9.83) 

(9.84) 

(9.85) 


where  N  =  number  of  turns  and  <j>  —  pH  A,  H  being 
the  field  intensity  and  A  being  the  loop  area.  The 
voltage  appears  across  the  gap  and  has  a  waveshape 
proportional  to  the  derivative  of  the  flux. 

Short  circuit  current:  If  the  loop  is  short  circuited 
the  voltage  is  impressed  on  the  impedance  of  the  loop 
and  induces  a  circulating  current: 

I=lJ  edt  =  --~LA-  (9-87> 

The  waveshape  of  the  current  tends  to  be  that 
of  the  incident  magnetic  field,  unlike  that  of  the  open 
circuit  voltage.  The  point  is  important;  magnetically 
induced  currents  generally  have  longer  front  and  fall 
times  than  do  magnetically  induced  voltages. 

Field  penetration  of  a  loop:  If  the  loop  has  only 
inductance  and  no  resistance  the  current  will  have  the 
same  shape  as  the  incident  magnetic  field  and  will  set 
up  a  magnetic  field  of  its  own,  one  that  is  of  equal 
amplitude  and  opposite  polarity  to  the  incident  field. 
As  a  consequence  a  magnetic  field  will  not  penetrate 
an  ideal  short  circuited  loop.  If  the  loop  has  resis¬ 
tance,  Fig.  9.20,  the  current  will  decay  with  a  time 
constant  proportional  to  L/R  and  the  magnetic  field 
will  gradually  penetrate  the  loop. 


Fig.  9.20  Magnetic  induction  of  voltage  and  current. 
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Field  penetration  of  a  surface:  A,  conducting  sur¬ 
face,  Fig,.  9.21,  may  be  viewed  as  an  nimbly  of  con¬ 
ducting  loops.  A  magnetic  field  line  tnat  attempts 
to  penetrate  the  surface  induces  a  circulating  current 
(eddy  current)  that  acts  to  oppose  the  penetrating 
field.  The  consequence  is  that  under  high  frequency 
conditions  a  magnetic  field  incident  on  a  surface  can 
have  only  a  tangential  component.  Any  radial  com¬ 
ponent  is  cancelled  by  an  induced  circulating  current. 
Only  as  the  Circulating  currents  die  away  because  of  re¬ 
sistance  will  the  magnetic  field  penetrate  the  surface. 
It  is  this  property  of  eddy  currents  that  allows  non¬ 
magnetic  materials  to  provide  substantial  amounts  of 
shielding  against  transient  magnetic  fields.  That  sub¬ 
ject  is  explored  more  fully  in  Chapter  15. 


Fig.  9.21  Eddy  currents  in  a  conducting  sheet. 


9.8  Electric  Field  Effects 

Changing  electric  fields  also  produce  currents  and 
voltages,  particularly  upon  unshielded  conductors. 

9.8.1  Evaluation  of  Capacitance 

Point  charge:  In  the  space  around  a  charged  point 
an  electric  field  is  established: 


E  m  — 1 v/m.  (9.88) 

The  field  is  directed  radially  away  from  the  point. 

Isolated  sphere  (in  air):  If  the  charge  resides  on  a 
sphere  of  radius  r  the  electric  field  outside  the  sphere 
will  be  as  though  all  the  charge  were  concentrated  at 
its  center.  Integrating  the  electric  field  from  the  sphere 
to  a  remote  point  where  tin*  field  is  negligible  (as  at 
infinity)  gives  the  total  voltage  difference  between  the 
sphere  and  that  remote  reference  point: 


V 


Q 

4irto 


1  , 

•  -  volts, 
r 


(9.89) 


Capacitance  is  defined  as: 

C  =  Q/V.  (9.91) 

The  capacitance  of  an  isolated  sphere  is  thus: 

10-9 

C  =  4ff«or  =  — — r  farads.  (9.90) 

The  capacitance  of  an  aircraft  could  be  found  by 
estimating  the  radius  of  an  equivalent  sphere.  As  an 
example,  an  aircraft  having  a  surface  area  about  the 
same  as  a  sphere  of  5  nt  radius  would  have  a  capaci¬ 
tance  of  about  556  pF. 

Electric  fields  are  different  from  magnetic  fields  in 
that  an  isolated  object  may  have  a  charge  and  hence  a 
finite  capacitance,  \egardless  of  dimensions.  Attempt¬ 
ing  to  evaluate  the  inductance  of  an  isolated  conduc¬ 
tor  leads  to  conceptual  and  mathematical  difficulties, 
as  noted  in  §9.7.3,  but  no  such  problems  arise  with 
determining  the  capacitance  of  an  isolated  body. 

Concentric  Spheres:  For  concentric  spheres.  Fig. 
9.22,  the  capacitance  is  found  by  integrating  the  elec¬ 
tric  field  over  the  distance  rt  to  r2: 

1  1  1 

C  =  4nt.0 - farads.  (9.92) 

/l  rjJ 


Fig.  9.22  Concentric  spheres. 


9.8.2  Sphere  Over  a  Ground  Plane 

If  the  charged  sphere  is  located  over  a  ground 
plane  there  will  be  charge  induced  in  the  ground  and 
the  effect  is  as  though  there  were  a  sphere  of  oppo¬ 
site  charge  below  the  ground,  Fig.  9.23.  The  fields  of 
the  two  charges  combine  to  give  the  total  electric  field. 
At  the  ground  plane  the  horizontal  components  cancel 
and  the  net  electric  field  is  oriented  at  right  angles  to 
the  ground  plane.  Evaluating  the  electric  field  from 
the  sphere  to  the  ground  plane  gives  the  voltage  be¬ 
tween  the  sphere  and  the  ground  plane  and  hence  the 
capacitance  to  ground. 
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C  =  — - —  farads 

°  9(l/r  -  l/(r  -  26)] 


(9.93) 


£  -  zr  •  tr?-3  v/». 


7reo  ft2  +  ±2 


(9.98) 


The  capacitance  is: 


Fig.  9.23  Sphere  over  a  ground  plane 

Isolated  conductor:  A  charged  conductor,  Fig. 
9.24,  with  qo  coulombs  per  meter  may  be  viewed  as  an 
assemblage  of  charged  points.  A  rod  of  finite  length, 
though,  presents  mathematical  difficulties  because  the 
electric  field  intensity  at  the  ends  becomes  infinite. 
This  is  overcome  by  approximating  the  rod  as  an  el- 
lipaoid  having  major  and  minor  axes  2a  and  26  with 
c  =  s/a*  -  6*.  The  capacitance  is  then: 

C  =  4»ta — -rT*  farads  (9.94) 

tanh  1  (c/a) 


C=I ^)F/m-  <9"> 

Thus 

c  “  ”F/m  <9100> 


/ 

/ 


or 


Fig.  9.28  Conductor  over  a  ground  plane. 


C 


222c 

ln[(l  —  c/a)/(l  +  c/a)] 


PF 


(9.95)  9.8.3  Symmetry  of  Expression*  for 

Inductance  and  Capacitance 


Fig  9.24  Is  i..ted  conductor. 


The  above  expressions  show  a  good  deal  of  sym¬ 
metry  between  the  expressions  for  inductance  and  ca¬ 
pacitance.  This  merely  reflects  the  fact  that  the  geo¬ 
metrical  considerations  that  determine  inductance  also 
determine  capacitance.  In  fact  it  can  be  shown  that: 


Coaxial  conductors:  Evaluating  the  electric  field  as 
given  by  Eq.  9.95  between  ri  and  rj  gives  the  capaci¬ 
tance: 


C  *  ,  farads/meter  (9.96) 

ln(rj|/r, ) 

or 


55.86 

*  ln(rj/r|) 


pF/ra 


(9-97) 


Conductor  over  a  ground  plana:  The  electric  field 
is  found  by  taking  the  vector  sum  of  two  fields;  one 
due  to  the  conductor  and  one  due  to  its  image  m  the 
ground  plane.  At  the  ground  plane,  Fig.  9.25,  and 
for  a  conductor  in  air,  the  field  is  perpendicular  to  the 
ground  plane  and  has  a  magnitude: 


LC  =  tu.  (9.101) 

and  that,  if  one  knows  one  at  the  quantitites  (induc¬ 
tance  or  capacitance)  of  a  structure,  one  can  determine 
the  other.  In  fact,  one  can  determine  the  inductance 
of  a  structure  or  set  of  conductors  by  measuring  the 
capacitance.  This  holds  true  only  for  cases  where  the 
dielectric  is  homogeneous.  In  practical  conductor  sys¬ 
tems  using  insulated  conductors,  the  total  dielectric 
space  between  conductors  is  not  homogeneous. 

9.8.4  Displacement  Currents 

If  a  capacitor  is  connected  to  a  changing  voltage 
the  current  that  flows  through  the  capacitor  is  propor¬ 
tional  to  the  derivative  at  the  voltage: 
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i  a*  E  iu/C  ampere*  (9.102) 

or 

i  =  C  ^  ampere ri  (9.103) 

Similar  displacement  currents  flow  as  a  result  of 
a  changing  electric  field.  Pig.  9.26,  shows  a  surface 
exposed  to  a  changing  electric  field,  the  field  assumed 
to  be  oriented  perpendicular  to  the  surface.  A  portion 
of  the  surface  has  been  isolated  and  connected  to  the 
rest  of  the  surface  through  a  conductor.  The  current 
through  the  conductor  will  be: 

d 

i  =  e0 A-^E,  amperes.  (9.104) 

where 


A  =  area  of  the  surface  -  m3 
Em  =  actual  electric  field  intensity  •  V/m 
Eu  =  undisturbed  electric  field  intensity 


Fig.  9.26  A  surface  exposed  to  an  electric  field. 

(a)  Isometric  view 

(b)  End  view 


For  a  surface  flush  with  its  surroundings,  as  in  Fig. 

9.26,  the  electric  field  impinging  on  the  surface  will 
be  the  same  as  the  undisturbed  field.  If  the  isolated 
section  is  raised  above  the  surrounding  surface,  Fig. 

9.27,  the  electric  field  will  be  concentrated  and  the 
actual  electric  field  intensity  will  be  higher  than  the 
undisturbed  electric  field  intensity  £».  Alternatively, 
one  could  say  that  the  elevated  plate  has  a  capture  area 


S  larger  than  its  physically  projected  area  A,  Effective 
areas  for  some  typical  geometries  are  given  in  Tfcble 
9.3  [9.5].  Displacement  currents  are  also  discussed  in 
§14.4.3. 

9.9  Surface  end  Transfer  Impedances 

In  §9.6.2  it  was  observed  that  the  voltage  differ¬ 
ence  between  two  points  is  determined  by  summing  the 
electric  field  between  the  points.  §9.6.4  presented  def¬ 
initions  of  surface  and  transfer  impedances  and  §9.7.3 
presented  some  discussion  of  the  internal  impedance 
of  conductors  in  terms  of  internal  magnetic  flux.  This 
section  will  present  mathematical  expressions  by  which 
surface  and  transfer  impedances  may  be  calculated. 
The  defining  equations  are  here  presented  in  the  fre¬ 
quency  domain  and  without  discussion.  Formulations 
in  the  time  domain  are  given  in  Chapter  11.  Some 
alternative  formulations  in  the  frequency  domain  are 
given  in  [9.6]. 


Fig.  9.27  Elevated  surface. 

(a)  Flat  surface 

(b)  Embedded  hetnkylinder 

(c)  End  view 
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Table  0.3 


Equivalent  Area  and  Induced 
Short-circuit  Current  Equations 
for  a  Uniform  Electric  Field  [0.5] 

'Note  J  U  lbs  equivatat  arm,  lK  U  the  induce! 
ihorl-circuil  currant. 

/*  -  JmES  -  £S/(J  •  10*).  B  in  V/m  S  in  mJ. 


Currant  induced  on  n  sphere  above  ground 
4# 


S-k 


_L 

2  H 


or 4 wh  fork  »  r 


Hemisphere  on  the  ground 
S-Jarr1 

Cylinder  above  ground 
2 wk 


T0' 

/>////• 


In  — 
r 


U  +  lr)  where  *>3r 


Half  cylinder  on  the  ground 

S-4r(/  +  2r) 

Rectangular  solid,  4$*  shield 
angle  approaimation 

5  -AB  +  2H(A  +  #)  +  wH* 

•r 


K#d«t»ltr  ftet  pteu,  «nptrtel 

s  -  A*l  +  t/(A/B)V*)  , 

+  OMH/B)  +  OmN/l)1  +  0.004}  h] 
««/#)/ (4/#))*) 


Vertical  ovtiader. 

Brrar  is  leas  than 
far  I/O  « 

a  - 


<i) 


(2) 


(3) 


jQl-  (4) 


(3) 


8  -  4S<I  +  (1.4  +  S/W/f)^'*)  <  P  (6) 

(OKW/#)1'*  +  0.7KW/S)  + 

oar  («/#)*  +  aoKdf/w/w/#))*)) 


(7) 


77777 


‘[(f)  (S3H  ± 


r » 


(9) 


7777777777“ 


•.•.I  Tabular  Conduct  on 


ial  cylinder  so  that  the  distribution  of  current  on  the 
surface  of  the  tube  is  uniform.  The  analysis  would  be 
the  same  if  the  return  path  were  a  single  conductor 
far  away  from  the  tube.  A  voltmeter  is  connected  as 
shown  with  the  leads  flush  with  the  surface  (see  §9.6.3) 
and  so  responds  only  to  the  voltage  produced  by  the 
flow  of  current  in  the  material  of  the  tube.  The  ratio 
of  voltage  to  current  defines  the  internal  impedance  of 
the  conductor  with  external  return,  £,*.  The  product 
of  this  impedance  and  the  conductor  current  gives  the 
surface  electric  field  Ec  previously  shown  on  Fig.  9.6. 
The  exact  expression  uses  Bessel  functions,  as  defined 
in  §9.3.3. 

7  __J_  +  a)  lQ1fW 

M  27r6o  ,/,(7»)/f,(7a)-/i(7a)/fi(7i)  1  ' 

The  arguments  of  the  function,  <y,  7  and  6,  are 
the  conductivity,  propagation  constant  and  skin  depth 
as  discussed  in  §9.4.6. 


Fig.  9.28  Internal  impedance  with  external  return. 

Approximations  are  good  enough  for  most  pur¬ 
poses,  especially  if  the  wall  thickness  is  small  compared 
to  the  radius  of  the  tube,  as  is  the  case  with  most  prob¬ 
lems  encountered  during  analysis  of  lightning  effects  or 
electromagnetic  shielding. 

Zi*  *  2^b7T  cotb(‘*T)  (T  <  *)  (9106) 

=  Re  “  2x\7EeT  (a-*T4Z6)  (9.107) 

(*  <  T)  (9.108) 

Eq.  9.106  is  the  general  case.  Eq.  9.107  will 
be  recognised  as  the  dc  resistance  of  a  thin  tube,  and 
Eq.  9.108  is  the  high  frequency  case  where  the  real 
and  imaginary  components  of  transfer  impedance  are 
equal. 


Mathematically  the  simplest  geometries  are  far 
coaxial  tubular  conductors. 

Internal  impedance  with  external  return!  In 
Fig.  9.38  current  flows  along  a  tubular  conductor  and 
returns  through  an  external  path,  here  taken  aa  a  coax- 


Eq.  9.110  is  the  general  case.  Eq.  9.111  will 
be  recognised  aa  the  dc  resistance  of  a  thin  tube,  and 
Eq.  9.112  is  the  high  frequency  case  where  the  real 
and  imaginary  component*  of  transfer  impedance  are 
equal. 
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As  a  numerical  example,  evaluate  the  internal 
impedance  rt  100  Hr  and  10  kHz  of  an  aluminum 
(<r  =  3.53  x  107  sferiiens)  tube  2  cm  diameter  and  a 
wall  thickness  of  2  mm  (a  =  0.01  m,  T  =  0.002  m,  b 
=  0.012  m). 

The  skin  depth,  Eq.  9.22,  is  8.47  x  10“3  m 
(8.47mm)  at  100  Hz  and  8.47  x  10~4  m  (0.847  mm) 
at  10kHz.  At  100  Hz  the  skin  depth  is  consider¬ 
ably  greater  than  the  wall  thickness,  implying  that 
the  current  would  be  nearly  uniformly  distributed  over 
the  wall;  dc  conditions.  The  internal  impedance  of 
the  tube  is  then  just  the  dc  resistance,  2.06  x  10~4 
ohms/m.  At  10  kHz  the  skin  depth  is  only  0.847  mm, 
less  than  the  wall  thickness.  The  impedance  would  be 
(1  +,/')4.54  x  10~4  ohms/m. 


Internal  impedance  with  internal  return:  If  the 
current  returns  on  the  inside  of  the  tube,  Fig  9.29  or 
Fig.  9.7,  the  impedance  is  Zu.  The  formulations  are 
virtually  identical  with  those  for  differing  only  in 
that  a  and  b  are  reversed. 


For  the  same  geometry  discussed  in  §9.1.1  the 
transfer  impedances  are  8.47  x  IQ-3  ohms/m  at  100  Hz 
(same  as  the  internal  impedance)  and  (1  +  j)3.956  x 
10-4  ohms/m  at  100  kHz. 

Transfer  Impedance  with  internal  return:  This 
is  a  measure  of  the  field  that  would  leak  to  the  outer 
surface  of  the  tube  if  current  flows  on  tin  internal  con¬ 
ductor  and  returns  along  the  inner  surface  of  the  tube. 
The  defining  equations  are  the  same  as  those  of  §9.1.3 
with  a  and  b  reversed. 

9.9.2  Circular,  but  Solid  Bodies 

Two  formulations  are  appropriate  for  solid  con¬ 
ductors.  Exact  and  simplified  expressions  are  given  in 
the  following  sections. 

Internal  impedance  with  external  return:  This 
is  the  same  geometry  discussed  in  §9.7.3  and  the  fol¬ 
lowing  equations  provide  one  more  formulation  of  the 
interna!  impedance. 


Fig.  9.29  Internal  impedance  with  internal  return. 


^7 .  _  ^ 

*  “  2*a6 

loiya) 

h(ya) 

(9.114) 

Z<  =  Az 

(6  >  a) 

(9.115) 

■na‘a 

z  _  1+i 

1  2irao6 

(6  <  a) 

(9.116) 

Transfer  impedance  with  external  return:  This 
is  a  measure  of  the  field  that  leaks  to  the  inner  sur¬ 
face  of  the  tube  when  current  flows  along  the  tube  and 
returns  through  an  external  path,  Fig.  9.8.  The  trans¬ 
ferred  field  is  that  which  would  be  measured  by  a  volt¬ 
meter  connected  along  the  inner  surface.  The  exact 
expression  is  again  given  in  terms  of  Bessel  functions, 
though  simpler  expressions  arc  suitable  for  thin  wall 
tubes. 


*  "  2 *abo  h(fb)K\(na)  ~  I \(ya)K\{yb ) 

*' * wkr ' ,T<‘> 

7.aBx  la  >  7  <  ff) 

‘  2xsfabaT 


(9.109) 

(9.110) 

(9.111) 


-TTT7-«tpl-(l+»r/<l  (5<T<a) 

*  y/abao 

(9.112) 

Z,  -  ■  (cos(T/6)  +  sin (T/6)]  (6  <  T  <  a) 


(9.113) 


Internal  impedance  with  internal  return:  This 
is  the  inverse  of  §9.9.2  and  is  a  measure  of  the  electric 
field  along  the  surface  of  a  hole  through  which  is  passed 
a  current  carrying  conductor,  Fig.  9.30. 


z,= 

7  A'o(ya) 

2  waa  A'tiya) 

(9.117) 

z<  = 

wfi  .  n  , 

—  +  ju>zr-  In - 

8  2*  7a 

(9.118) 

(<r  »  a) 

(70  *  1.781  •  •  •) 

(9.119) 

z,  = 

11 

(9.120) 

9.9.3  Fiat  Surfaces 

Exact  expressions  for  the  impedance  of  flat  sur¬ 
faces  are  very  complex  and  approximations  are  gener¬ 
ally  used. 
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Internal  impedance  of  an  infinite  plate  with  exter¬ 
nal  return:  The  geometry  is  shown  on  Fig.  9.30(b). 
One  approach  is  to  treat  the  surface  as  a  hole  of  large 
diameter,  as  in  Fig.  9.30(a). 


The  total  series  impedance  of  a  conductor  above 
an  imperfectly  conducting  ground,  or  earth,  is  taken 
as: 


7  _  -h  H0(l\h2h) 

'  “  ffj(1)(j72/i) 

_  wu  .  u  ,  6 

Z Q  “  “  "t"  7  W  in  

8  2tt  .  y/^yoh 

(6  >  2/») 

(7o  =  1-781  •■■) 


(9.121) 

Z,  =  juL  =  2-irfL 

where 

(9.125) 

L=^ln2(h  +  p) 

2?r  r 

(9.126) 

(9.122) 

and 

(9.123) 

h  =  height  of  conductor  above  the  ground  surface 

(9.124) 

r  —  radius  of  the  conductor 
p  =  complex  depth. 

Fig.  9.30  Internal  impedance  of  the  return  path. 

(a)  Conductor  in  a  large  hole 

(b)  Complex  ground  plane  approach 


In  the  electric  power  field  this  is  the  geometry 
that  pertains  to  transmission  line  conductors  above 
earth  and  the  impedance  is  generally  evaluated  from 
Canon’s  equations,  (9.7).  An  alternative  formulation, 
the  “complex  ground  plane”  is  due  to  Deri,  Semlyn 
et  al,  (9.8).  Since  it  is  both  simple  and  reasonably 
accurate  it  will  be  outlined  here.  Strictly  speaking  it 
applies  only  to  infinitely  thick  ground  planes,  but  it 
is  also  applicable  to  finite  ground  planes  as  long  as 
the  skin  depth  is  small  relative  to  the  thickness  of  the 
plane. 


The  complex  depth,  so  called  because  it  has  both 
real  and  imaginary  components,  is: 

P=(l-j)f  (9-127) 

where  a  is  the  skin  depth  in  the  earth.  Skin  depth  was 
covered  in  §9.4.5  and  Eqs.  9.22  and  9.23  are  as  appli¬ 
cable  to  earth  as  to  any  other  material.  FVequently  h 
is  small  compared  to  p  and  can  be  ignored. 

Since  log(a  +  jb)  =  log  C  +  j<f>,  C  and  <j>  being  as 
discussed  in  §9.3.1,  it  can  be  shown  that: 

L  =  ^  [log(<r/r)  -  jir/4]  (9.128) 

Z.  =  1(Tt  [w2f  +  4/  ln(<r/r)]  (9.129) 


Internal  impedance  of  a  thin  sheet:  The  impedance 
consists  of  the  impedance  of  the  sheet  (pa,«2)  in  par¬ 
allel  with  the  impedance  of  the  medium  in  which  the 
sheet  is  placed  (p0.«o).  hence  the  quantity  x  that  ap¬ 
pears  in  the  following  equation: 


Z,  -  7m  -  X  sinh(7wd) 

a  sinh(7md)  -  \(cosh(7md)  -  1) ' 


(9.130) 


where 


Mo  7m 

7o  -  -waMo«o 

7m  =  jwpj  (ff+juJtj) 


(9.131) 

(9.132) 

(9.133) 


For  lightning  interactions  the  medium  is  air,  the  im¬ 
pedance  of  which  is  far  greater  than  the  impedance 
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of  the  sheet,  and  \  w  0.  Thus,  for  the  frequencies 
of  interest  in  most  lightning  compatibility  analyses 
(<  100  MH,)  and  for  most  conducting  materials,  even 
the  carbon  fiber  composite  materials  having  conduc¬ 
tivities  of  8000  to  20  000  mho/m,  x  is  <  1  and  the 
impedance  can  be  taken  as 


Z,  =  coth  7„ 

<T 


(9.134) 


where 


The  peak  voltage  is  thus 


E  =  Ex  (e~“‘l  -  e-°*1  W*))  (9.141) 

from  which 

—  =  (e~"<l  -  (9.142) 

Ex 

The  time  at  which  the  wave  decays  to  half  value 
on  the  tail  is  given  by 


7m  «s(l  +j) 


1  2 


1/2 


and  <r  =  conductivity. 


(9.135) 


IJL  =  i)) 

2  Ex  ' 


(9.143) 


Transfer  impedance  of  a  flat  sheet:  In  aircraft  in¬ 
teractions  this  is  of  particular  importance  because  it 
defines  the  resistive  voltage  produced  by  current  flow¬ 
ing  along  the  surface  of  a  thin  cylinder. 


Zt 


_ (7 m/cr) _ 

sinh(7md)  -  x(cosh(7md)  -  1) 


(9.136) 


The  same  considerations  concerning  the  quantity 
X  apply  here  as  for  the  internal  impedance,  and  thus 


Z  a 


(9.137) 


sin  7m  d 

9.10  Analytical  Descriptions  of  Waveshapes 


This  section  will  discuss  a  few  miscellaneous  points 
about  waveshapes  used  for  test  and  analysis  of  indirect 
effects. 


9.10.1  Difference  of  Two  Exponentials 

A  waveform  commonly  used  for  analysis  of  both 
direct  and  indirect  effects  is  the  double  exponential: 

£  =  Ei  («-“*-«"*).  (9.138) 

The  constant  0  governs  the  rise  of  the  wave  while 
a  governs  the  decay,  but  determining  the  values  of 
these  constants  for  a  particular  wave  is  not  straight¬ 
forward.  The  following  describes  the  method  of  calcu¬ 
lation  given  by  Bewley  (9.9),  who  also  gives  a  graphical 
means  of  evaluating  the  constants  in  Eq.  9.138. 

The  peak  amplitude  is  reached  at  the  time  1 1  when 
the  derivative  is  zero. 


2£«0«E,(-ae-*“ +/?«"*),  (9.139) 


from  which 


In (0/a) 
0-0 


l  ln(0/(a) 

a  0/a  —  1) 


(9.140) 


Eq.  9.143  is  transcendental,  but  may  be  solved  in 
an  iterative  manner  for  the  value  of  <i/<2  that  satisfies 
the  equality. 

The  procedure  for  evaluating  the  constants  for  a 
particular  waveshape  is  thus: 

1.  FVom  the  known  values  of  <i  and  t2,  solve  by  plot¬ 
ting  or  other  method  of  approximation,  for  the 
value  of  0/a  that  satisfies  Eq.  9.143. 

2.  Using  that  value,  the  known  value  of  <i,  and  Eq. 
9.140,  evaluate  a  and  thence  0. 

3.  FVom  those  values,  the  desired  peak  voltage  E, 
and  Eq.  9.142,  evaluate  Ex. 

If  tj  were  defined  as  the  time  to  decay  to  37%,  the 
e- folding  time,  the  value  of  1/2  in  Eq.  9.143  would  be 
replaced  by  1/2.718 

A  computer  routine  written  in  the  BASIC  lan¬ 
guage  that  performs  the  above  operations  is  given  in 
§9.11. 

As  an  example,  for  a  double  exponential  wave  that 
reaches  a  peak  of  1.0  in  lps  and  decays  to  half  value 
in  lOps,  a  -  0.079237  x  10* ,  0  m  4.001  x  10®  and 
Ex  *  1.1043.  Fig.  9.31  shows  the  waveshape. 

The  rise  time  (10%  -  90%)  of  the  wave  would  be 
2.2/0  and  the  time  to  decay  to  10%  would  be  2.3/a. 


(a)  Double  exponential 

(b)  Inverse  exponential 
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9.10.2  Reciprocal  of  the  Sum  of  Two  Expo¬ 
nentials 

A  characteristic  of  the  double  exponential  wave 
is  that  it  has  a  discontinuity  and  its  highest  rate  of 
change  at  t  =  0.  Discontinuous  waves  do  not  exist 
in  nature  and  are  sometimes  undesirable  for  numerical 
simulation  because  they  stimulate  spurious  responses. 
An  alternative  waveform  [9.10]  that  avoids  the  discon¬ 
tinuity  at  t  =*  0,  and  thus  deserves  more  attention, 
is 


_ E _ 

e-0(t-to)  -|-  e+o(l-< o) 


(9.144) 


The  rise  time  (10%  -  90%)  would  be  4.4//J  and 
the  time  to  decay  to  10%  would  be  to  +  2.3/ a. 

Using  the  same  values  of  a,  (3  and£i  and  for  to  = 
10  /is  as  used  in  §0.10.1,  the  waveshape  is  as  shown  on 
Fig.  9.31. 

9.10.3  Decaying  Sinusoids 


The  damping  factor  Q  determines  how  fast  the 
wave  decays.  Typical  damping  factors  called  for  by 
specifications  range  from  6  to  24.  Fig.  9.32  shows  a  1 
MHz  oscillatory  wave  with  a  damping  factor  10. 


Transients  induced  by  lightning  frequently  are  os¬ 
cillatory  with  a  more  or  less  exponential  decay.  An 
idealized  decaying  sinusoid  is 

E  =  El  sin(wt)«-"‘  (9.145) 

where 

lj  =  2j r/  (9.146) 

a  =  nf/Q  (9.147) 


9.11  Computer  Routines 

Two  computer  routines  written  in  BASIC  are 
given  in  Tables  9.4  and  9.5.  BESSEL,  on  Table  9.3 
can  be  used  to  find  the  values  of  the  various  Bessel 
functions  discussed  in  §9.3.3.  EXPOM,  on  Table  9.5 
can  be  used  to  find  the  constants  for  the  double  expo¬ 
nential  wave  described  by  Eq.  9.144.  Sample  outputs 
for  BESSELL  (*  =  0.3536  +  j0.3536  «  0.5*43*)  and 
EXPON  are  shown  on  Tables  9.6  and  9.7. 


Table  9.4 


BESSEL  -  A  Program  hi  BASIC  for  Calculation  of 
Bessel  and  Hankel  Functions  of  Complex  Arguments 
(Partial) 


1000  'A  program  for  calculating  Basaal  Functiona 
1010  'of  complex  argument. 

1020  'Written  by  F  A  Fisher 

1030  '  Lightning  Technologies  Znc. 

1040  '  10  Downing  Parkway 

1090  •  Pittsfield,  HA  01201 

1060  •  (413)  499-1015 

1070  '  Program  date  January  7,  1989 

1080  ' 

1090  DEFDBL  A-H, J-Z 
1100  DIN  XR(20) , XI (20) 

1110  DIN  01(20), D2(20),P(21) 

1120  PI-  3 . 1415926# ! P2-2/PI : P3-1/PI 
1130  Dl(0)-l:D2(0)«l:P(0)-l>P(l)-l 

1140  FOR  l-l  TO  20  'calculate  the  D  factors  (l/D  actually) 
1150  D1(I)— Dl(I-l)/( (2*1) A2) 

1160  D2(I)-Dl(I)/(2*Z<-2) 

1170  NEXT  I 
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Table  9,4 


BESSEL  -  A  Program  in  BASIC  for  Calculation  of 
Bessel  and  Hankel  f  unctions  of  Complex  Arguments 
(Continuation) 


1180  FOR  1=2  TO  21  'calculate  the  P  factors 
1190  P(I)=P(I-1)+1/I 

1200  NEXT  I 
1210  • 

1220  XR(0)=l:XI(0)*0 
1230  ' 

1240  • 

1250  INPUT  "magnitude  and  phase  of  X  "?XM,XP 
1255  IE  XM=1!  THEN  XM=1. 0000001# 

1260  IF  XM=-99  THEN  STOP  ELSE  1280 
1270  • 


1280 

1290 

1300 

1310 

1320 

1330 

1340 

1350 

1360 

1370 

1380 

1390 

1400 

1410 

1420 

1430 

1440 

1450 

1460 

1470 

1480 

1490 

1500 

1510 

1520 

1530 

1540 

1550 

1560 

1570 

1580 

1590 

1600 

1610 

1620 

1630 

1640 

1650 

1660 

1670 

1680 

1690 

1700 

1710 

1720 


V ( 3 ) =XM : V ( 4 ) =X? 

GOSUB  10430  'calculate  real  and  imag  parts  of  x 
XR=V(1) :XI=V(2) 

JQ=1:J2=0 

JT=V(l)/2 : J3=V(2)/2 
Y0=0:Y2=0 

Yl=V(l)/2:Y3=V(2)/2 

10=1:12=0 

Il-V(l)/2:I3=V(2)/2 

K0=0:K2=0 


'n9 


calculate  XA2 


K1=V (l)/2:K3=V(2)/2 
N9=2 

GOSUB  10820  '  VA 
X2=U (1) :X3=U(2) 

FOR  1=1  TO  20 

U(1)=XR(I-1) :U(2)=XI(I-1) 

GOSUB  10280  'rtpp  With  U 
IF  U(3)<lE+35  THEN  1490 
U(3)=lE+35 

GOSUB  10430  'p  to  r  with  v 
XR(I-1)=U(1) :XI(I-1)«U(2) 

V(1)=X2:V(2)=X3 
W(1)=XR(I-1) : W(2) =XI (1-1) 

GOSUB  10580  'v*w  — x(i-l)*xA2  will  be  in  u(l-5) 

XR (I)=U(1) : XI ( I ) =U ( 2 ) 

NEXT  I 

FOR  1=1  TO  20 

N1(1)=D1(I) *XR(I) 

Nl(2)=01 (I) *XI (I) 

M(l)  =D2 (I) *XR(I) 

W(2)  =D2(I)*XI(I) 

V(1)=XR:V(2)=XI 
GOSUB  10580  '  v*W 

N2 ( 1 ) =U ( 1 ) t  N2 ( 2 ) =U  ( 2 ) 

IF  Nl(l) *N1(1)+N1(2) *N1(2)<1E>32  THEN  1870  'test  for  convergence 
IF  N2 (1) *N2 (1) +N2 (2) *N2 (2) <18-32  THEN  1670 
MH=(-i) AI 
J0=J0+MM*Ni(i) 

J2=J2+KM+N1 (2 ) 

J1=J1+NN*N2(1) 

J3=J3+NN*N2 (2 ) 

YO=YO+NH*N1(1) *P(I) 

Y2=Y2+MN*N1(2)*P(I) 

Y1=Y1+NM*N2(1)*(P(I)+P(I+1)) 

Y3=Y3+NH*N2 (2) * (P(I) +P(I+1)  ) 


'reel  part  of  J0(x) 
0 ieag  part  of  J0(x) 
'real  part  of  Jl(x) 
'ieag  part  of  Jl(x) 
'real  part  of  Y0(x) 
'ieag  part  of  Y0(x) 
'real  part  of  Yl(x) 
'ieag  part  of  Yl(x) 
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Table  9.4 


BESSEL  -  A  Program  in  BASIC  for  Calculation  of 
Bessel  and  Hankel  Functions  of  Complex  Arguments 

(Continuation) 


1730  IO^IO+Nl (1) 

1740  I2=I2+N1(2) 

1750  I1=I1+N2(1) 

1760  I3=I3+N2{2) 

1770  V(1)=I0:V(21=I2 

1780  W(1)«I1:W(2)=I3 

1790  GOSUB  10700  'V/W 
1800  I4»U(1) 

1810  I5-IH2) 

1820  K0-K0+N1(1)*P(I) 

1830  K2*K2+N1 (2) *P(I) 

1840  K1**K1+N2  (1)  *  (P(I)+P(I+1) ) 

1850  K3“K3+N2 (2) * (P(I) +P(I+1) ) 

1860  NEXT  I 

1870  V(1)-XR:V(2)-XI 

1880  GOSUB  10180  'r  to  p  with  v 

1890  GOSUB  10930  'log(V) 

1900  FI (1)«P2*(U{1) -LOG (2) +.5772156) 
1910  F1(2)-P2*U(2) 

1920  V(1)-F1(1):V(2)-F1<2) 

1930  W(1)-J0:W(2)»J2 
1940  GOSUB  10580  'V*W 

1950  F2(l)-U(l) :F2(2)-U(2) 

1960  W(1)-J1:W(2)«J3 
1970  GOSUB  10580  'V*W 

1980  V(1)-U(1)!V(2)-U(2) 

1990  U(1)-XR:U(2)»XI 
2000  GOSUB  10640  ' 1/U 

2010  W(1)-P2*U(1) :W(2)-P2*U(2) 

2020  GOSUB  10530  'v-w 

2030  F3(l)-U(l) :F3(2)-U(2) 

2040  V(1)-XR:V(2)-XI 

2050  GOSUB  10180  'r  tp  p  with  V 

2060  GOSUB  10930  'log  (V) 

2070  F4(l)-U(l)-LOG(2)+. 5772156 
2080  F4(2)-U(2) 

2090  V(l)-F4(l)sV(2)-F4(2) 

2100  W(l)-I0:W(2)-I2 
2110  GOSUB  10580  'V*W 

2120  F5(l)«— U(l)  tF5(2)— U(2) 

2130  W(1)-IUW(2)-I3 
2140  GOSUB  10580  'v*W 

2150  V(l)-U(l)tV(2)-U<2) 

2160  U(1)-XR:U(2)-XI 
2170  GOSUB  10640  'l/U 

2180  W(l)-U(l)  Mf(2)-U(2) 

2190  GOSUB  10480  'v+W 

2200  F6(l)-U(l) :F6(2)-U(2) 

2210  Y0-F2(1)-P2*Y0 
2220  Y2-F2(2)-P2*Y2 
2230  Y1-F3(1)-P3*Y1 
2240  Y3-F3(2)-P3*Y3 
2250  K0-F5(l)+K0 
2260  K2-FS(2)+K2 
2270  Kl-r6(l)-Kl/2 
2280  K3>F6(2)-K3/2 


'real  part  of  10  (x) 
'imag  part  of  10  (x) 
'real  part  of  II  (x) 
'imag  part  of  II (x) 


'real  part  of  I0(x)/Il(x) 
'imag  part  of  I0(x)/Il(x) 
'real  part  of  K0(x) 

'imag  part  of  K0(x) 

'real  part  of  Kl(x) 

'imag  part  of  Kl(x) 
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Table  9.4 

BESSEL  -  A  Program  in  BASIC  for  Calculation  of 
Bessel  and  Hankel  Functions  of  Complex  Arguments 
(Continuation) 


2290 

2300 

2310 

2320 

2330 

2340 

2350 

2360 

2370 

2380 

2390 

2400 

2410 

2420 

2430 

2440 

2450 

2460 

2470 

2480 

2490 

2500 

2510 

2520 

2530 

2540 

2550 

2560 

2570 

2580 

2590 

2600 

2610 

2620 

2630 

2640 

2650 


H0-J0-Y2 

H1=J2+Y0 

V  ( 1 ) =K0 : V ( 2 ) =K2 

W(l)-Kl:W(2)»K3 

GOSUB  10700  *V/w 

K4«U(1) 

K5“U ( 2 ) 

H2-J1-Y3 

H3-J3+Y1 

H4-J0+Y2 

H5=j;>Y0 

H6-J1+Y3 

H7-J3-Y1 

PRINT  "  Function 

PRINT 

F $-"###.#####  «#( 

PRINT  "  J0(X) 

PRINT  ••  J1(X) 

PRINT  "  Y0 (X) 

PRINT  "  Y1(X) 

PRINT  "  10 (X) 


•real  part  of  H0-l(x) 
•imag  part  of  H0-l(x) 


•real  part  of  K0(x)/Kl(x) 
'imag  part  of  K0(x)/Kl(x) 
'real  part  of  Hl-l(x) 
•imag  part  of  Hl-l(x) 
•real  part  of  H0-2(x) 
'imag  part  of  H0-2(x) 
'real  part  of  Hl-2(x) 
'imag  part  of  Hl-2(x) 
imaginary" 


PRINT  "  II (X) 

PRINT  "  KO (x) 

PRINT  "  Kl(x) 

PRINT  «  I0(X)/I1(X) 
PRINT  "  K0(X)/K1(X) 
PRINT  "  H0-1 
PRINT  "  Hl-1 
PRINT  "  HO-2 
PRINT  "  Hl-2 
PRINT 
PRINT 

INPUT  "continue  (Y/N) 
IF  A$  -  "Y"  OR  A$  -  " 
8T0P 


1. #####" 

" / : PRINT 
"/ SPRINT 
" J : PRINT 
" ; : PRINT 
SPRINT 
"/.•PRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 
"/SPRINT 


USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 

USING 


F$/J0,J2 
F$; Jl, J3 
F$/Y0,Y2 
F$;Y1, Y3 
F$ ; 10 , 12 
F$/I1,I3 
F$  >  K0 ,  K2 
F$;I1,K3 
F$/I4 , 15 
F$/K4,K5 
F$/H0,H1 
F$/H2,H3 
F$;H4,H5 
F$ >H6,H7 


"/A$ 

y"  THEN  1250  ELSE  STOP 


10000  '  ——————  general  purpose  complex  number  routines 

10170  'r  to  p  with  v  input  is  v(l)  and  v(2) 

10180  U8  -  ABS(V(1) ) SU9  -  ABS(V(2)) 

10190  IF  U8  ->  V9  THEN  V(5)  -  ATN(U9/U8) 

10200  IF  U8  <  U9  THEN  V(5)  -  PI/2  -  ATN(U8/U9) 

10210  IF  V(l)  <  0  THEN  V(4)  -  PI-V(5) 

10220  IF  V(2)  <  0  THEN  V(4)  -  -V(5) 

10230  V{4)  -  V(5) "180/PI 

10240  V(3)  -  SQR(V(1)*V(1)  +  V(2)*V(2)) 

10250  RETURN  '  returns  v(l)  -  v(5) 

10260  ' - 


10270  'r  to  p  with  u  input  is  u(l)  and  u(2) 
10280  U8  -  ABS(U(1) ) SU9  -  AB8(U(2)) 

10290  IF  U8  ->  U9  THEN  U(5)  -  ATN(U9/U8) 

10300  IF  U8  <  U9  THEN  U(5)  -  PI/2  -  ATN(U8/U9) 

10310  IF  U(l)  <  0  THEN  U(5)  -  PI-U(4) 

10320  IF  U(2)  <  0  THEN  U(S)  -  -0(5) 

10330  U(4)  -  U(5) "180/PI 

10340  U(3)  -  SQR(U(1) *U(1)  +  U(2)*U(2)) 
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Table  0,4 


BESSEL  .  A  Program  in  BASIC  for  Calculation  of 
Bessel  and  Hankel  Functions  of  Complex  Arguments 
(Continuation) 


10350  RETURN  ‘returns  u(l)  -  u(5) 

10360  '  - - - - 

10370  'p  to  r  with  u  input  is  u(3)  and  u(4) 

10380  U8  -  COS(U(4)*PI/180) SU9  -  SIN(U(4) *PI/180) 

10390  U(l)  -  U(3) *U8:  U(2)  -  U(3)*U9 
10400  RETURN  'returns  u(l)  -  u(5) 

10410  '  - 

10420  'p  to  r  with  v  input  is  v(3)  and  v(4) 

10430  U8  -  C0S(V(4) *PI/180) SU9  -  SIN (V (4) *PI/180) 

10440  V(l)  -  V(3) *U8:V(2)  -  V(3)*U9 
10450  RETURN  'returns  v(l)  -  v(4) 

10460  '  - 

10470  '  v  +  w  needs  v(l)  and  v(2)  plus  w(l)  and  w(2) 
10480  U(l)  -  V(l)  +  W(l) :U(2)  -  V(2)  +  W(2) 

10490  GOSUB  10280 

10500  RETURN  'returns  u(l)  -  u(5) 

10510  '  - 

10520  '  v  -  w  needs  v(l)  and  v(2)  plus  w(l)  and  w(2) 
10530  U(l)  -  V(l)  -  W(l) :U(2)  -  V(2)  -  W(2) 

10540  GOSUB  10280 

10550  RETURN  'returns  u(l)  -  u(5) 

10560  •  - 

10570  '  v*w  needs  v(l)  and  v(2)  plus  w(l)  and  w(2) 
10580  U(l)  -  V(1)*W(1)  -  V(2)*W(2) 

10590  U(2)  -  V(2)*W{1)  +  V ( 1 ) ( 2 ) 

10600  GOSUB  10280 

10610  RETURN  'returns  u(l)  -  u(5) 

10620  ' - 

10630  '  1/u  needs  u(l)  and  u(2) 

10640  U8  -  U(1)*U(1)  +  U(2) *U(2) 

10650  U(l)  -  U(1)/U8:U(2)  -  -U(2)/U8 

10660  GOSUB  10280 

10670  RETURN  'returns  U(l)  -  U(5) 

10680  •  - - 

10690  '  v/w  needs  v(l)  and  v(2)  plus  v(l)  and  w(2) 
10700  U8  -  W  ( 1 ) *W ( 1 )  +  W ( 2 ) *W ( 2 ) 

10710  U(l)  -  (V(1)*W(1)  +  V(2)*W(2))/U8 
10720  U(2)  •  (V(2)*W(1)  -  V(1)*N(2))/U8 
10730  GOSUB  10280 

10740  RETURN  'returns  u(l)  -  u(5) 

10750  • - - - 

10760  '  reverse  v  and  w  needs  all  parts  of  v  and  v 
10770  FOR  U8  -  1  TO  4:U9  -  V(U8) !V(U8)  -  N(U8) 

10780  N(U8)-U9«NEXT  U8 

10790  RETURN  'returns  all  parts  of  v  and  w 

10800  •  - 

10810  •  vA(n9) 

10820  U(3)  -  V(3)AN9tU(4)  -  V(4)*N9 

10830  GOSUB  10380 

10840  RETURN  'returns  u(l)  -u(4) 

10850  '  - 

10860  '  e  (2.71828. ...) Av  needs  v(l)  and  v(2) 

10870  US  -  2. 7182918# AV(1) 

10880  U(l)  -  U8*COS(V(2) ) lU(2)  -  U8*SIN(V(2)) 

10890  GOSUB  10280 

10900  RETURN  'returns  u(l)  -  u(5) 
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BESSEL  -  A  Program  in  BASIC  for  Calculation  of 
Bessel  and  Hankel  Functions  of  Complex  Arguments 
(Conclusion) 


10910  '  - 

10920  '  log(v)  needs  v(l)  and  v(2) 

10930  U{1)  *  L0G(V(3) ) :U(2)  -  V(4)*PI/180 
10940  GOSUB  10280 

10950  RETURN  'returns  u(l)  -  u(5) 

10960  '  - 

10970  *  v*w  needs  v(l)  and  v(2)  plus  w(l)  and  w(2) 

10980  GOSUB  10930 

10990  V(l)  ■*  U(1)!V(2)  -  U(2) 

11000  GOSUB  10580 

11010  V(l)  «  U(1):V(2)  -  U(2) 

11020  GOSUB  10280 

11030  RETURN  'returns  u(l)  -  u(5) 


Table  9.5 


EXPON  -  A  Program  in  BASIC  For  Evaluating  Constanta 
of  Double  Exponential  Waves 
(Partial) 


1000  INPUT  "tl  and  t2";Tl,T2 
1020  TOVERT  -  T2/T1 

1040  FAC  -  .5  'find  half  anplltude  point 
1060  BOVOLD  -  10*TOVERT 
1080  BO VERA  -  BOVOLD 
1100  GOSUB  1700  'find  SUB 
1120  SUHOLD  -  SUN 
1140  BOVERA  -  5* TO VERT 
1160  GOSUB  1700  'find  SUB 
1180  • 

1200  GOSUB  1580  'find  new  value  for  BOVERA 

1220  BOVOLD  -  BOVERA 

1240  SUNOLD  -  SUN 

1260  BOVERA  -  B0VNEW 

1280  ' 

1300  ZF  ABS (SUN) <.00001  THEN  1360  ELSE  1160 
1320  ' 

1340  'print  the  answers 
1360  ALPHA  •  AT1/T1 
1380  BETA  -  BOVERA* ALPHA 
1400  PRINT 

1420  EOVERE  -  EXP ( -ATI)  -  EXP(-Al) 

1440  AS  -  "\  \#f.#l##**~  " 

1460  PRINT  USING  AS; "alpha  -  "r ALPHA 
1480  PRINT  USING  A$;"beta  -  "/BETA 
1500  PRINT  USING  A$;"B1/E  -  " J 1/ EOVERE 
1520  PRINT 
1540  STOP 
1560  • 

1580  'subroutine  to  find  new  BOVERA 
1600  DELX  -  BOVERA  -  BOVOLD 
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EXPON  -  A  Program  in  BASIC  For  Evaluating  Constants 
of  Double  Exponential  Waves 
(Conclusion) 


1620  DELY  -  SUM  -  SUMOLD 

1640  BOVNEW  -  BOVERA  -  DELX*SUM/DELY 
1660  RETURN 
1680  • 

1700  'subroutine  to  find  SUM 
1720  ATI  -  LOG ( BOVERA ) / ( BOVERA- 1 ) 

1740  A1  -  ATI* BOVERA 

1760  A2  -  A1*T0VERT 

1780  A3  -  AT1*T0VERT 

1800  SUM  -  (EXP(-A3)  -  EXP(-A2)) 

1820  SUM  -  SUM  -  FAC* (EXP (-ATI)  -  EXP(-Al)) 
1840  RETURN 
1860  END 


Table  9.6 

Calculation  of  Bessel  and  Hankel  Functions 
for  A'  *  0.5Z450 


Function 

J0(x) 

Jl(x) 

Y0(x) 

Vl(x) 

I0(x) 

U(x) 

K0(x) 

Kl(x) 

I0(X)/I1(X) 

K0  (X) /K1 (X) 

HO-1 

Hl-1 

HO-2 

Hl-2 


real 

0.99902 

0.18224 

-0.48333 

-1.14039 

0.99902 

0.17120 

0.85591 

0.17120 

2.91772 

0.56158 

0.42754 

-0.66920 

1.57050 

1.03369 


imaginary 

-0.06249 

0.17120 

0.57148 

0.85145 

0.06249 

0.18224 

-0.67158 

-1.52240 

-2.74097 

0.17445 

-0.54582 

-0.96919 

0.42083 

1.31158 


Ifcble  9.7 


Calculation  of  Constants  for  a  Double  Exponential  Wave 
Having  an  Amplitude  of  1.0  With  Front  and  Tail  Times 
of  1.0  and  10.0  Microseconds  respectively 

tl  and  t2?  le-6,10e-6 

alpha  -  79. 2375E+03 
beta  -  40. 0102E+05 
El/X  -  1. 10431*00 
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Chapter  10 


THE  EXTERNAL  ELECTROMAGNETIC  FIELD  ENVIRONMENT 


10.1  Introduction 

In  order  to  estimate  the  lightning  induced  tran¬ 
sients  in  an  aircraft,  one  must  first  determine  the  ex¬ 
ternal  electromagnetic  fields.  While  they  are  not  of 
prime  concern,  since  the  internal  electromagnetic  envi¬ 
ronment  is  what  determines  the  voltages  and  currents 
induced  on  wiring,  the  internal  environment  is  deter¬ 
mined  by  the  external  environment  and  the  degree  to 
which  it  couples  to  the  inside  of  the  aircraft.  Coupling 
mechanisms  are  discussed  in  Chapters  11  and  12. 

The  purpose  of  this  chapter  is  to  discuss  the  fac¬ 
tors  that  affect  the  external  environment  and  to  outline 
methods  of  determining  it.  Elementary  factors  govern¬ 
ing  it  will  be  discussed  first,  then  various  methods  of 
calculation  will  be  presented,  ranging  from  simple  ap¬ 
proximations  to  the  more  complicated  ones  based  on 
non-linear  interactions  of  the  aircraft  and  the  light¬ 
ning  channel. 

Detailed  calculations  are  complex  because  the  air¬ 
craft  is  a  complex  electromagnetic  object.  The  geom¬ 
etry  is  complex,  requiring  three  dimensional  solutions. 
The  materials  are  varied,  consisting  of  highly  conduct¬ 
ing  metals  such  as  aluminum  and  copper,  more  resis¬ 
tive  metals  such  as  titanium,  carbon  fiber  composites 
that  are  three  orders  of  magnitude  less  conductive  than 
metals,  and  insulators  such  as  glass,  Kevlar,  fiberglass 
and  plastic. 

Finally,  the  lightning  environment  itself  is  com¬ 
plex.  One  of  the  more  significant  features  is  that  it  is 
both  a  high  frequency  and  low  frequency  event.  Time 
scales  on  the  order  of  tens  of  nanoseconds  must  be 
resolved  and  some  parts  of  the  lightning  environment 
may  last  on  the  order  of  one  second.  Also,  different 
aspects  of  the  lightning  environment  dominate  at  dif¬ 
ferent  times  within  the  event.  For  example,  during  the 
attachment  phase,  the  electric  field  and  its  rate  of  rise 
are  of  primary  interest  and  at  later  times  the  current 
is  of  primary  interest.  Fbr  some  times  both  are  impor¬ 
tant.  The  interaction  of  the  aircraft  with  the  lightning 
channel  is  also  a  nonlinear  phenomenon,  some  features 
of  which  are  not  yet  well  understood. 

Fortunately,  however,  a  mathematically  rigorous 
treatment  is  not  always  required.  One  important  sim¬ 
plification  in  the  analysis  procedure  is  that  it  can  fre¬ 
quently  be  taken  in  stages  since  the  inside  and  outside 
of  the  aircraft  are  only  loosely  coupled.  What  this 
means  is  that  while  the  lightning  may  produce  electro¬ 


magnetic  effects  that  couple  to  the  inside  of  the  air¬ 
craft,  there  is  little  need  to  study  the  reverse  coupling; 
the  voltages  and  currents  induced  on  wiring  will  not 
affect  the  lightning.  It  is  this  separation  of  interaction 
effects  that  allows  the  internal  response  of  the  aircraft 
to  be  calculated  by  first  determining  the  external  elec¬ 
tromagnetic  fields  without  consideration  of  how  they 
couple  to  the  interior  and  then  to  apply  the  coupling 
factors  to  those  fields  to  determine  the  internal  en¬ 
vironment.  Some  analysis  procedures  do  calculate  the 
external  environment  and  the  coupling  simultaneously, 
but  they  can  also  be  treated  separately. 

For  many  purposes  approximate  methods  of  anal¬ 
ysis  provide  coupling  estimates  that  are  satisfactory 
for  lightning  protection  purposes.  The  type  of  analyti¬ 
cal  method  which  one  uses  depends  upon  financial  con¬ 
siderations,  vehicle  complexity,  design  requirements, 
available  computational  tools,  and  known  susceptibil¬ 
ity  and  criticality  of  electrical  and  electronic  systems 
in  the  aircraft. 


10.2  Elementary  Effects  Governing  Magnetic 
Fields 


In  Chapter  9  it  was  shown  that  if  a  long  conductor 
is  carrying  a  current,  /,  and  the  return  path  is  far 
removed,  the  field  intensity  at  a  distance,  r,  from  the 
conductor,  as  shown  in  Fig.  10.1(a),  is: 


(10.1) 


If  instead  of  a  solid  wire,  the  current  is  carried  on  a 
hollow  tube  of  radius  r0,  as  shown  in  Fig.  10.1(b),  the 
field  intensity,  H ,  at  radius  r  is  again: 


(10.2) 


and  at  the  surface  of  the  tube,  where  r  =  r0,  the  field 
intensity  is: 


(10.3) 


It  follows  that  the  field  intensity  at  the  surface  of  the 
tube  is  also  equal  to  the  total  current  divided  by  the 
circumference,  P, 


H  =  I /P.  (10-4) 
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Units  of  Fioid  Intensity:  In  all  the  cases  the  units  of 
field  intensity  are  amperes  per  meter  if  the  radii  are 
measured  in  meters.  H  is,  of  course,  the  measure  of 
magnetizing  force  per  unit  area.  The  density  of  the 
magnetic  flux,  measured  in  webers  per  meter2,  is 

B  =  nH  (10.5) 

where  the  permeability  is,  for  air,  4jt  x  10-7  H/m. 

If  the  conductor  is  not  cylindrical,  as  shown  in 
Fig.  10.1(c),  the  field  intensity  at  different  points  on 
the  surface  will  be  different .  However,  the  average  field 
intensity  will  still  be  equal  to  the  total  current  divided 
by  the  circumference: 

tf.vg  =  I/P  (10.6) 


Fig.  10.1  Magnetic  fields  around  current-carrying 

conductors. 

(a)  Current-carrying  filament 

(b)  Tubular  conductor 

(c)  Irregular  conductor 

Radius  of  curvatura:  The  actual  field  intensity  will 
be  greater  than  average  at  points  where  the  radius 
of  curvature  is  less  than  average  and  it  will  be  less 
than  average  at  points  where  the  radius  of  curvature 
is  greater  than  average,  as  shown  in  Fig.  10.2.  For 
example,  the  circumference  of  the  fuselage  of  a  typical 
fighter  aircraft  just  forward  of  its  wing  is  about  5.5  m. 
Assuming  a  lightning  stroke  current  of  30  kA  to  flow 
through  the  fuselage,  the  average  field  intensity  at  the 
surface  would  be: 


ff.vg  -  HP 

=  30000/5.5 
=  5455  A/m. 


Since  for  that  aircraft  there  are  no  points  of  very  sharp 
radius,  the  field  intensity  around  the  fuselage  would 
probably  not  vary  greatly  from  the  average  value.  If 
the  fuselage  cannot  be  approximated  as  a  flattened 
cylinder,  then  the  field  intensity  would  have  to  be  cal¬ 
culated  by  more  sophisticated  means. 

The  situation  along  a  wing  carrying  lightning  cur¬ 
rent  is  considerably  different  in  that  the  leading  and 
trailing  edges  have  radii  of  curvature  much  less  than 
the  average.  Field  intensity  along  the  leading  and  trail¬ 
ing  edges  would  be  quite  high  compared  to  the  field 
intensity  along  the  top  and  bottom  surfaces,  for  ex¬ 
ample. 

Fig.  10.3  shows,  in  general,  how  the  magnetic 
field  strengths  would  vary  with  position  on  an  aircraft 
if  a  lightning  flash  enters  through  the  nose  pitot  boom 
and  leaves  through  the  vertical  stabilizer.  The  field  in¬ 
tensity  would  be  highest  around  the  pitot  boom,  low¬ 
est  around  the  midsection  of  the  fuselage,  and  high 
again  around  the  vertical  stabilizer.  In  the  vicinity  of 
the  nose  equipment  bays,  the  field  would  be  of  greater 
than  average  intensity.  Since  the  field  intensity  is  in¬ 
versely  proportional  to  the  radius  of  curvature,  it  then 
follows  that  the  field  intensity  outside  the  fuselage  of 
a  large  transport  aircraft  would  be  considerably  less 
than  that  outside  the  small  fighter  aircraft  shown  on 
Fig.  10.3. 

Since  both  the  average  current  density,  g,  and 
the  average  field  density,  ff*vg,  are  equal  to  the  total 
current  divided  by  the  circumference,  it  follows  that 
the  tangential  field  intensity  at  the  surface  of  a  con¬ 
ducting  object  is  equal  to  the  current  density  at  that 
point: 

J*vt  —  #*ve  —  p.  (10.8) 

This  is  in  fact  true,  at  least  for  transient  currents.  The 
relation  is  not  true  for  dc  currents  or  transients  suffi¬ 
ciently  slow  that  appreciable  magnetic  fields  penetrate 
the  skin. 


Fig.  10.2  Field  intensity  vs  radius  of  curvature. 


(10.7) 
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Orientation  of  magnetic  field:  The  orientation  of  the 
H  field  vector  is  always  at  right  angles  to  the  direction 
of  the  current  vector.  While  small  gaps  in  the  struc¬ 
ture  (Fig.  10.4)  direct  the  current  around  the  gap,  the 
magnetic  field  is  virtually  unaffected,  except  directly 
on  the  surface  and  on  a  length  scale  that  is  small  com¬ 
pared  to  the  dimensions  of  the  gap  interrupting  the 
current  flow. 


Fig.  10.3  Variation  of  magnetic  field  strength  with 
aircraft  radius  of  curvature. 


(b) 

Fig.  10.4  Current  flow  and  magnetic  field  around 
structural  gaps. 

(a)  Current  entering  typical  wing 

(b)  Resultant  magnetic  field  virtually 
unaffected  by  slot  interrupting  flow 
of  current 


While  Eq.  10.6  suffices  to  show  the  average  cur¬ 
rent  density,  and  thus  the  average  intensity  of  the  mag¬ 
netic  field,  it  does  not  show  how  the  current  is  dis¬ 
tributed  over  the  surface.  This  distribution  must  be 
known  since  it  affects  both  the  resistive  voltage  rises 
inside  a  structure  and  the  amounts  of  magnetic  or  elec¬ 
tric  field  which  penetrate  through  apertures. 

Redistribution  of  current:  Only  for  direct  currents 
is  the  current  density  at  the  surface  of  a  conductor  de¬ 
termined  by  the  dc  resistance  of  the  conductor.  For 
most  transient  conditions  the  distribution  is  primarily 
controlled  by  magnetic  effects.  The  magnetic  distri¬ 
bution  of  current  density  can  be  calculated  in  simple 
geometries.  Around  the  periphery  of  a  cylinder,  for 
example,  the  current  density  even  for  alternating  cur¬ 
rents  is  uniform,  at  least  es  long  as  the  return  path  for 
that  current  is  far  removed  from  the  cylinder  -  greater 
than  ten  times  the  diameter  of  the  cylinder. 

For  anything  other  than  a  cylinder,  the  phenome¬ 
non  of  skin  effect  tends  to  force  an  alternating  current 
to  crowd  toward  the  edges,  making  the  current  den¬ 
sity  and  magnetic  field  intensity  higher  than  average 
at  places  with  a  small  radius  of  curvature  (leading  and 
trailing  edges  of  a  wing  for  example)  and  less  than  av¬ 
erage  at  places  with  a  large  radius  of  curvature.  With 
transients,  the  skin  effect  forces  the  current  to  initially 
concentrate  at  the  edges  in  a  manner  that  results  in 
the  magnetic  field  being  tangential  to  the  surface,  as  in 
Fig.  10.5(a).  The  current  then  gradually  redistributes 
itself,  with  the  distribution  ultimately  becoming  con¬ 
trolled  by  the  resistance  of  the  structure.  This  resistive 
distribution  leads  to  some  of  the  magnetic  field  pene¬ 
trating  the  surface,  Fig.  10.5(b).  The  rate  at  which  the 
current  redistributes  over  the  surface  is  governed  by 
the  ratio  of  inductance  (a  measure  of  magnetic  fields) 
to  resistance  of  the  structure.  It  takes  place  faster 
for  high  resistance  structures,  such  as  those  fabricated 
from  graphite-epoxy,  than  it  does  for  low  resistance 
structures,  such  as  those  fabricated  from  aluminum. 
The  time  required  for  the  current  to  redistribute  from 
a  pattern  governed  by  magnetic  field  effects  to  one 
governed  by  resistive  effects  can  be  surprisingly  long; 
hundreds  or  thousands  of  microseconds. 

One  geometry  for  which  these  effects  can  be  cal¬ 
culated  analytically  is  the  elliptical  cylinder  shown  in 
Fig.  10.6.  Under  high  frequency  conditions  the  cur¬ 
rent  density  or  magnetic  field  intensity  at  the  center 
(X  =  0,Y  =  ±d/ 2),  is: 

H-l  (10.9) 

and  at  the  edge  ( X  =  ±6/2,  Y  =  0) 
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At  intermediate  points  the  magnetic  field  inten¬ 
sity  or  current  density  [10.1,  10.2]  is: 


^f«urf»ce  — 


I _ 1 _ 

*  y/»  -(2*)*[l-<P/t»)‘ 


(10.11) 


(b) 

Fig.  10.5  Redistributic effects. 

(a)  Early  time  or  high  frequency 

(b)  Late  time  or  low  frequency 


where 

b  =  width 
d  =  depth 
6  as  skin  depth 

The  classical  skin  depth  is  given  by 

where 


p  =  resistivity 
p  —  permeability 
u>  =  angular  frequency 

and  was  further  discussed  in  Chapter  9.  For  K  <  1, 
the  distribution  of  current  is  mostly  controlled  by  resis¬ 
tance  while  for  K  >  10,  the  distribution  is  controlled 
by  magnetic  field  effects.  The  skin  depth  and  value  of 
K  for  aluminum,  as  functions  of  frequency,  axe  given 
in  Table  10.1. 


Fig.  10.6  Magnetic  field  intensity  at 

the  surface  of  an  elliptical  conductor. 

This  current  distribution  does  not  hold  for  dc  cur¬ 
rents  where  the  current  density  over  the  surface  is  de¬ 
termined  by  the  dc  resistance.  If  the  cylinder  were  of 
uniform  thickness,  the  current  density  would  in  that 
case  be  uniform.  The  time  span  or  frequency  range 
over  which  a  transition  takes  place  between  the  uni¬ 
form  distribution  of  current  governed  by  resistance 
and  the  nonuniform  distribution  governed  by  magnetic 
fields  (Eq.  10.11)  can  be  defined  in  terms  of  a  factor 
K: 

fbd 

*  =  V  J  (10.12) 


Table  10.1 

Skin  Depth  as  a  Function  of  Frequency 


Frequency 

Skin  depth 

y/hdJS 

1  Hz 

8.25  x  10“2  m 

6.06 

10  Hz 

2.61  x  10"2  m 

19.2 

100  Hz 

8.25  x  lO’3  m 

60.6 

1000  Hz 

2.61  x  10~3  m 

192 

10  000  Hz 

8.25  x  10~3  m 

606 

As  an  example  of  the  frequency  range  over  which 
the  transition  takes  place,  consider  an  elliptic  cylinder 
made  from  aluminum  (p  =  2.69  x  10~®  Cl  ■  m)  with 
width  6  =  lm,  depth  d  =  0.25m,  and  a  wall  thickness 
of  1  mm.  Even  at  10  Hz,  K  =  19,  indicating  that 
the  current  crowds  to  the  edges  of  the  ellipse  and  has 
a  current  density  given  by  Equation  10.11.  At  1  Hz, 
K  —  6,  about  the  point  where  resistive  and  magnetic 
effects  have  an  equal  effect  on  the  current  distribution. 
Thus,  the  frequency  range  over  which  the  current  den¬ 
sity  changes  from  its  uniform  dc  value  to  the  limiting 
ac  distribution  is  perhaps  0.5  to  5  Hz.  If  a  step  func¬ 
tion  current  were  applied  it  would  take  nearly  a  second 
before  the  current  became  uniformly  distributed  over 
the  surface.  The  manner  in  which  the  currents  redis¬ 
tribute  over  the  surface  affects  the  voltages  developed 
on  internal  circuits,  in  a  manner  to  be  described  in 
Chapter  11. 


278 


With  alternating  currents  applied,  the  surface 
current  density  remains  distributed  as  given  by  Eq. 
10.11  up  to  indefinitely  high  frequencies,  probably  un¬ 
til  the  width  of  the  cylinder  becomes  on  the  order  of 
a  tenth  of  a  wavelength.  The  current  density  through 
the  wall  thickness  of  the  cylinder  will  vary  with  fre¬ 
quency,  but  it  too  remains  constant  until  the  skin 
depth  becomes  about  the  same  as  the  wall  thickness, 
0  to  approximately  3  kHz  in  this  case. 

In  many  cases  the  external  current  density  may  be 
determined  with  accuracy  sufficient  for  practical  pur¬ 
poses  by  approximating  the  surface  under  considera¬ 
tion  by  an  ellipse  or  ellipses.  If  such  an  approximation 
does  not  give  sufficient  accuracy,  there  are  other  tech¬ 
niques  that  may  be  used.  Some  of  these  are  discussed 
in  §10.5. 

10.3  Elementary  Effects  Governing  Electric 
Fields 

The  electric  field  around  a  conducting  surface  is 
also  of  importance  since  a  lightning  flash  produces 
rapidly  changing  electric  fields  which  couple  capaci- 
tively  to  the  wiring  in  aircraft.  The  behavior  of  electric 
fields  is  in  many  ways  similar  to  the  behavior  of  mag¬ 
netic  fields,  particularly  in  the  way  that  electric  charge 
crowds  to  the  edges  of  conductors  the  same  way  cur¬ 
rent  does.  A  static  charge  on  the  elliptic  cylinder  of 
Fig.  10.7(a),  for  example,  would  distribute  itself  in  the 
manner  shown,  the  density  being  given  by  equations  of 
the  same  form  as  Eqs.  10.9  -  10.11.  The  electric  field 
strength  at  the  surface  would  be  proportional  to  the 
charge  density  and  directed  at  a  right  angle  towards 
the  surface,  as  contrasted  to  the  magnetic  field  which 
would  be  tangential  to  the  surface.  The  distribution  of 
charge  would  not  change  with  frequency;  it  would  be 
the  same  for  a  DC  static  charge  as  it  would  be  at  high 
frequencies.  Also,  the  distribution  of  charge  would  not 
be  affected  by  the  resistivity  of  the  material,  at  least 
for  DC  conditions. 

A  conductor  placed  in  an  electric  field  will  become 
polarized;  that  is,  it  will  have  electric  charge  induced 
on  it  by  the  field.  As  shown  on  Fig.  10.7(b),  an  electric 
field  directed  as  shown  will  draw  electrons  to  one  side 
and  leave  a  deficiency  of  electrons,  or  positive  charge, 
on  the  other  side.  The  electric  field  strength  at  the  sur¬ 
face  will  thus  be  greater  than  the  strength  of  the  undis¬ 
turbed  electric  field.  For  the  symmetrical  conditions 
shown  on  Fig.  10.7(b)  the  electric  field  strength  will 
be  equal  at  the  two  edges,  though  of  opposite  polarity. 
A  static  charge  produced  by  some  mechanism  other 
than  induction  will  add  to  the  induced  charge  at  one 
edge  surd  subtract  from  it  at  the  other  edge,  as  shown 
on  Fig.  10.7(c)  making  the  electric  field  strengths  un¬ 
equal. 


(a)  — 


Fig.  10.7  Charge  distribution. 

(a)  Due  to  a  net  charge 

(b)  Due  to  an  external  field 

(c)  Due  to  both  factors 

Since  the  field  strength  is  proportional  to  the  den¬ 
sity  of  charge,  the  electric  field  strength  will  be  great¬ 
est  at  points  having  a  small  radius  of  curvature,  the 
nose  boom  of  a  fighter  aircraft  for  example.  If  the 
electric  field  strength  is  sufficiently  high  there  may  be 
a  breakdown  in  the  air  at  that  point,  either  corona 
as  described  in  Chapter  1  or  St.  Elmo’s  Fire  as  de¬ 
scribed  in  Chapter  2.  This  breakdown  may  progress 
into  triggered  lightning  as  discussed  in  Chapter  3. 

10.4  Combined  Magnetic  and  Electric  Fields 

Under  DC  conditions,  magnetic  and  electric  fields 
can  exist  independently  of  each  other  (except  for  re¬ 
sistive  E-fields)  and  one  or  the  other  or  both  may 
be  present  around  a  current  carrying  conductor.  For 
transients  and  AC  conditions,  both  will  be  present, 
and  while  for  some  conditions  the  effects  of  one  or 
the  other  may  be  predominant,  usually  they  must  be 
considered  together.  They  will  both  be  present  be¬ 
cause  a  changing  magnetic  field  gives  rise  to  a  changing 
electric  field  and  visa  versa,  the  relationship  of  course 
being  given  by  Maxwell’s  Laws,  as  discussed  in  more 
detail  in  §10.6.  The  changing  electric  and  magnetic 
fields  will  be  oriented  at  right  angles  to  each  other  and 
will  propagate  in  a  direction  at  right  angles  to  the  two. 
For  example,  a  lightning  current  propagating  along  the 
conductor  of  Fig.  10.8  will  produce  magnetic  and  elec¬ 
tric  fields  as  indicated.  The  magnitudes  of  the  E  and 
H  vectors  will  be  given  by  the  impedance  Z  of  the 
surface  over  which  they  pass; 

E/H  =  Z,  (10.14) 

surface  impedance  having  been  discussed  in  Chapter 
9.  For  the  initial  wave  propagating  over  the  surface  of 
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a  conductor  in  free  space  Z  will  be  on  the  order  of  377 
ohms.  When  the  wave  reaches  a  discontinuity,  such 
as  the  end  of  the  surface  or  a  point  where  one  surface 
joins  another  surface  of  different  size  or  orientation, 
a  reflected  wave  will  be  generated  and  the  total  field 
will  be  given  by  the  sum  of  the  initial  wave  and  the 
reflected  wave.  The  reflected  wave  will  also  eventually 
reach  a  discontinuity  and  generate  another  travelling 
v/ave.  The  E  and  H  field  magnitudes  of  any  of  the 
wave  components  will  be  given  by  Eo.  10.14,  but  the 
total  magnitude  will  be  different.  If  current  continues 
to  flow  long  enough  for  steady  state  conditions  to  be 
approached,  then  the  electric  field  associated  with  the 
flow  of  current  will  go  toward  zero. 


E 


Fig.  10.8  Wave  propagating  over  a  surface. 

The  fields  at  a  point  to  which  a  wave  will  prop¬ 
agate  can  be  determined  from  the  fields  at  the  points 
previously  traversed  by  the  wave.  Numerical  tech¬ 
niques  for  doing  this  are  given  in  §10.5  through  §10.8. 
The  phenomenon  of  waves  propagating  back  and  forth 
across  the  surface  of  the  aircraft,  or  of  aircraft  reso¬ 
nances  excited  by  an  outside  event,  is  discussed  further 
in  §10.10. 

10.5  Methods  of  Evaluating  Fields 


In  rectangular  coordinates  Laplace’s  equation  be¬ 
comes: 


d2<t>  d2<t>  d2<t> 

dx 2  +  dY 2  +  dz 2 


(10.16) 


For  some  geometries  Laplace’s  equation  can  be 
solved  analytically;  an  elliptical  geometry  is  one  of 
those  cases.  The  equations  defining  the  field  distri¬ 
bution  will  not  be  presented  here,  but  Fig.  10.9  shows 
an  example  of  the  field  around  an  elliptical  cylinder 
of  infinite  length.  If  the  field  is  viewed  as  one  due  to 
current  in  the  conductor,  the  equipotential  lines  depict 
the  magnetic  field  lines,  these  being  tangential  to  the 
conductor  at  its  surface.  If  the  field  is  viewed  as  one 
due  to  a  static  charge  on  the  conductor,  the  lines  di¬ 
rected  into  the  conductor  depict  the  electric  field  lines; 
the  paths  along  which  displacement  currents  flow. 


There  are  a  number  of  ways  in  which  the  electro¬ 
magnetic  field  around  a  conductor  may  be  evaluated. 
Three  of  the  simpler  methods  will  be  discussed  here, 
because  they  have  both  utility  in  their  own  right  and 

because  they  illustrate  some  of  the  techniques  used  in 
the  more  powerful  methods  described  in  §10.6.  Some 
of  the  results  from  the  method  to  be  described  in 
§10.5.3  will  also  serve  to  illustrate  the  general  nature  of 
the  way  that  external  and  internal  fields  are  influenced 
by  the  shape  of  the  aircraft. 

10.5.1  Numerical  Solution  of  Laplace’s  Equa¬ 
tion 

Analytically  the  solution  of  the  field  around  a  cur¬ 
rent  carrying  conductor  may  be  determined  by  a  solu¬ 
tion  of  Laplace’s  equation: 

V2<A  =  0  (10.15) 

where  <j>  =  the  potential. 


Fig.  10.9  The  field  around  an  elliptical  conductor. 

The  return  path  for  either  the  voltage  maintaining 
the  charge  or  the  current  is  assumed  to  be  sufficiently 
fax  away  from  the  conductor  that  it  does  not  influence 
the  field  around  the  indicated  region. 

The  indicated  flow  lines  divide  the  region  into  44 
sectors.  At  the  surface  of  the  conductor,  the  magnetic 
field  strength  is  inversely  proportional  to  the  spacing 
between  the  flow  lines.  Since  the  average  field  strength 
around  the  surface  is 

H  =  I/P,  (10.17) 

it  follows  that  the  field  strength  at  the  surface  between 
any  two  flow  lines  is 

tf.urUce  =  (10.18) 

In  only  the  simplest  geometries  is  it  possible  to 
calculate  the  field  analytically.  Usually  one  must  resort 
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to  some  numerical  or  graphical  method  of  determining 
the  field.  Numerically,  the  field  may  be  determined 
by  a  numerical  solution  of  Laplace’s  equation.  Fig. 
10.10  shows  a  conductor  at  potential  P  surrounded  by 
a  return  conductor,  a  circle  in  this  case,  at  potential 
zero.  To  this  geometry  is  fitted  a  rectangular  grid, 
shown  here  as  a  very  coarse  grid. 

Initially,  all  grid  points  that  lie  on  the  conductor 
would  be  assigned  a  potential  P,  and  all  the  grid  points 
that  lie  on  the  return  path  would  be  assigned  a  poten¬ 
tial  zero.  Laplace’s  equation  in  two  dimensions  can  be 
shown  to  be  approximately: 

+  <t>2  +  fa  +  <t>*  -  4^0]  (10.19) 

From  this  it  follows  that  Laplace’s  equation  is  sat¬ 
isfied  if  the  numeric  values  at  four  points  surrounding 
a  central  point  have  values  that  satisfy  the  equation 

<t>\  F  <t>i  +  fa  +  <t>i  —  4^o  =  0  (10.20) 

‘A  determination  of  the  field  around  the  conductor 
then  involves  assigning  field  values  at  all  of  the  points 
between  the  conductor  and  its  return  path,  and  ad¬ 
justing  the  value  of  these  points  until  Eq.  10.20  is  sat¬ 
isfied  everywhere  within  the  grid.  The  literature  [10.3, 
10.4]  indicates  a  number  of  the  numerical  techniques 
by  which  the  potentials  at  the  points  may  be  adjusted 
to  their  final  values.  While  the  process  is  tedious,  it 
is  not  completely  impractical  to  do  by  hand,  as  dis¬ 
cussed  briefly  in  §10.5.2.  Usually  the  process  is  done 
by  computer  routines  that  solve  the  field  equations.  In 
addition  to  tabulating  the  numerical  values  of  the  field 
at  the  grid  points,  frequently  such  computer  routines 
allow  one  to  plot  the  flow  and  equipotential  lines. 

Problem  space  and  grid  size:  Fig.  10.10  illustrates 
two  important  aspects  of  numerical  evaluation  of  elec¬ 
tromagnetic  fields.  The  first  is  that  the  solution  can 
only  take  place  in  a  defined  problem  space.  For  an  iso¬ 
lated  object  such  as  an  aircraft  in  flight,  the  problem 
space  ideally  should  extend  very  far  in  all  directions 
since,  in  theory,  the  field  intensity  at  even  the  most 
remote  point  affects  the  field  at  the  surface  of  the  air¬ 
craft.  The  second  is  that  the  grid  size  affects  the  preci¬ 
sion  and  detail  with  which  the  field  may  be  calculated. 
Ideally  the  grid  size  should  be  much  smaller  than  the 
dimensions  of  the  aircraft  around  which  the  field  is  to 
be  determined. 

A  small  grid  size  and  a  large  problem  space  would 
require  an  excessive  amount  of  computer  memory  and 
an  excessive  amount  of  computer  running  time,  partic¬ 
ularly  if  calculations  are  desired  in  three  dimensions. 
The  problem  is  compounded  for  time  domain  solutions 
because  the  field  must  be  calculated  anew  for  each  time 
step.  Problem  space,  grid  size  and  computer  resources 


will  usually  limit  solutions  to  less  than  the  desired  pre¬ 
cision. 

Frequently  one  is  only  interested  in  the  field  in  the 
immediate  vicinity  of  the  aircraft.  If  so,  the  problem 
space,  and  the  amount  of  computer  memory  needed, 
can  be  made  relatively  small  by  setting  field  magni¬ 
tudes  at  the  outer  boundary  of  the  problem  to  an  ap¬ 
proximation  of  their  correct  values,  rather  than  zero, 
and  concentrating  the  calculations  on  the  field  around 
the  conductor  under  study.  On  the  aircraft  similar 
techniques  can  be  used  to  concentrate  the  calculation 
on  those  portions  of  most  interest. 


Fig.  10.10  A  rectangular  grid  for  evaluation 
of  Laplace’s  equation. 

Apertures:  Any  solution  of  Laplace’s  equation 

will  also  allow  the  pattern  of  low  frequency  coupling 
through  an  aperture  to  be  calculated.  Computer  tech¬ 
niques  are  now  commonly  used  for  such  solutions, 
but  in  the  past  electrolytic  tank  and  resistive  paper 
techniques  were  widely  used.  Hand  mapping  of  the 
fields  was  also  done  and  that  technique  is  outlined 
in  §10.5.2.  Most  computer  routines  deal  either  with 
two-dimensional  problems  or  problems  with  rotational 
symmetry.  In  a  two-dimensional  case,  the  aperture 
would  run  the  length  of  the  conductor  being  studied. 
This  is  not  necessarily  a  disadvantage,  since  some  im¬ 
portant  geometries  and  apertures  are  basically  two- 
dimensional.  An  important  aperture  is  that  which  may 
exist  behind  the  rear  spar  of  a  wing  when  the  flaps  have 
been  extended.  Since  it  is  a  convenient  region  to  reach, 
wiring  is  often  placed  in  this  region.  Electrically  it  is 
a  poor  place,  since  the  aperture  is  near  a  region  where 
the  magnetic  fields  external  to  the  wing  are  high.  An¬ 
other  important  set  of  apertures  that  may  be  approx¬ 
imated  as  a  continuous  opening  is  that  formed  by  the 
windows  in  the  fuselage  of  a  transport  aircraft. 
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Thru  dimensional  objects:  In  principle,  the  field 
around  three-dimensional  objects  may  also  be  solved 
numerically  by  extending  Eq.  10.19  to  include  eight 
points  on  a  cube  surrounding  a  central  point.  A  solu¬ 
tion  of  the  field  around  a  three-dimensional  object  not 
involving  rotational  symmetry  requires  large  amounts 
of  computer  storage  and  running  time  if  the  calcula¬ 
tions  are  to  define  the  field  satisfactorily  in  all  three 
dimensions. 

10.5.2  Hand  Plotting  of  Fields 

The  fields  around  any  geometry  may  also  be  deter¬ 
mined  graphically  by  a  cut-and-try  process  in  which 
flow  lines  and  equipotential  lines  are  drawn  on  the  ge¬ 
ometry  and  adjusted  until  repeated  subdivision  always 
yields  small  squares  and  the  Row  and  equipotential 
lines  intersect  at  all  points  at  right  angles.  Cut-and- 
try  field  plotting,  of  which  Fig.  10.11  is  an  imperfect 
example,  may  with  care,  patience,  and  liberal  use  of 
a  soft  pencil  and  eraser  yield  a  field  pattern  of  any 
desired  accuracy. 


dinates  a,  and  yi(  and  let  the  radius  of  the  conductors 
be  ri .  The  self-inductance  per  unit  length  of  each  wire 
is: 


L  = 


2  x  10~7ln 


(10.21) 


henries  per  meter.  In  this  equation  R  is  defined  as  the 
distance  from  the  conductor,  or  from  the  group  of  con¬ 
ductors,  to  an  arbitrary  return  path.  The  numerical 
accuracy  of  the  current  distribution  to  be  calculated 
does  not  depend  critically  upon  the  value  assigned  to 
R,  but  it  should  be  of  the  order  of  10  to  20  times 
the  greatest  dimension  of  the  structure  being  mod¬ 
eled.  Between  any  two  conductors,  ij,  there  will  be  a 
mutual  inductance 


Mij  =  2  x  10~7  In 


(10.22) 


henries  per  meter.  The  spacing  between  conductors, 
r,j,  can  be  determined  from  the  coordinates  of  the 
conductors. 


10.5.3  Calculation  Using  Wire  Filaments 

Another  approach  to  determining  current  density, 
shown  in  Fig.  10.12,  is  based  on  the  premise  that  a 
two-dimensional  geometry  can  be  represented  as  an 
array  of  parallel  wires  [10.5,  10.6].  If  the  current  in 
each  wire  is  known,  the  average  current  density  along 
the  surface  defined  by  any  two  wires  will  be  the  average 
of  the  current  on  the  two  wires  divided  by  the  spacing 
between  the  wires. 

If  the  wires  are  all  of  infinite  length,  so  that  no 
end  effects  need  be  considered,  and  are  all  connected 
together  at  their  ends,  the  manner  in  which  current 
divides  among  the  wires  may  be  calculated  with  the 
aid  of  a  simple  computer  program  the  elements  and 
equations  of  which  are  discussed  below. 

Saif  and  mutual  inductancas:  Let  the  location  of 
the  wires  be  defined  in  terms  of  the  rectangular  coor¬ 


Fig.  10.12  A  structure  defined  as  an  array  of  wires. 

(a)  The  array 

(b)  Coordinates  defining  location 

(c)  Definition  of  the  return  path 
for  current 

Voltaga  in  tarms  of  currant:  If  a  group  of  conductors, 
each  carrying  a  current,  as  in  Fig.  10.13,  is  consid¬ 
ered,  and  if  the  self-  and  mutual  inductances  of  and 
between  each  conductor  are  known,  the  voltages  across 
the  self-inductance  of  each  conductor  will  be,  for  an¬ 
gular  frequency  u>  =  1,  as  follows: 

Vj  =  L\  t'j  —  Mjjij  —  A/j3 13  H - —  M\„in 

(10.23) 
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/2 - Mull  +  Li  *2  —  M23*3  +  •  •  •  —  Mjni„ 

(10.24) 

V3  =  —A/31,'1  —  Mwh  +  £3  *3  + - A/3ntn 

(10.25) 

Vn  =  — Mnit2  —  Mn 2I3  —  Mn\i„  H - (-  £„  *n 

(10.26) 

Equations  10.23  through  10.26  may  be  placed  in 
matrix  notation  as  follows: 

a 


u; 


/  +Lll 

—Mu  -Mu  . 

..  —Min  \ 

—Mu 

+£.22  —A/23 

..  -M2n 
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-Mu 

—A/23  +A33 

, .  ~~M$n 

X 

*3 

\  -M„i 

— A/,,2  -A/n3  •  ■ 

-  •  4 'Lnn  ' 

[in/ 

(10.27) 

or,  in  more  compact  notation 

I  V  |  =  |  M  |  x  |(|  (10.28) 


Currant  in  terms  of  voltage:  Premultiplying  by  the 
inverse  of  the  M  matrix,  gives  the  following: 

I  M  r1  X  I  V  I  =  j  A/  |->  X  I  M  I  x  I  t  I  (10.29) 


|  «  |  -  I  M  |“l  x  I  V  I  (10.30) 
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.  mnnJ 

U  / 

(10.31) 


where  mu,  mn,  mu  are  the  elements  of  the  inverse 
of  the  M  matrix. 

Current  in  each  element:  If  all  of  the  voltages  are  the 
same  and  equal  to  V,  as  is  the  case  if  all  of  the  induc¬ 
tances  are  connected  in  parallel,  the  absolute  current 
in  each  element  is: 

•1  ■  (mu  +  mu  +  mu  •■•  +  »niw)V  (10.32) 

»2  =  (mI3  +  mat  +  mjs  ■••  +  mlB)V  (10.33) 

»'j  *  (mjj  +  mst  +  mjj  •  •  •  +  mJW)V  (10.34) 

in  » (mB,  +  m„  +  mni  •  •  •  +  mww)V  (10.35) 


The  toted  current  that  flows,  which  is  proportional 
to  the  impressed  voltage,  is 

t'r  =  («i  +  +  i3 +  •••»„  )V  (10.36) 

The  fraction  of  the  total  current  that  flows  in  each 
circuit  is 


/.-!i 

(10.37) 

*r 

sU 

11 

(10.38) 

/3  =  ll 

(10.39) 

lr 

1  -  — 

1  n  — 

*r 

(10.40) 

Fig.  10.13  Mutually  coupled  inductances. 


10.5.4  Examples  of  External  Magnetic 
Fields 

The  magnetic  field  within  and  around  the  clus¬ 
ter  of  wires  can  be  determined  by  talcing  the  proper 
summation  of  the  magnetic  field  produced  by  each  in¬ 
dividual  wire. 

One  computer  program  [10.7}  which  incorporates 
the  above  routines  is  MAGFLD.  Some  examples  of 
calculations  performed  with  it  will  now  be  described 
since  they  will  serve  to  illustrate  some  of  the  points 
discussed  in  previous  sections.  The  geometry  chosen 
for  analysis  is  the  fuselage  of  the  hypothetical  aircraft 
shown  in  Fig.  10.14.  The  aircraft,  whose  airworthi¬ 
ness  is  not  under  discussion,  has  a  fuselage  of  elliptical 
cross  section,  two  meters  along  the  major  axis  and  one 
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meter  along  the  minor  axis.  The  fuselage  is  considered 
long  enough  that  no  end  effects  need  to  be  considered. 
A  lightning  current  of  1000  A  is  assumed  to  enter  the 
nose  and  to  exit  through  the  rear  of  the  fuselage.  This 
elliptical  fuselage  is  represented  by  48  parallel  conduc¬ 
tors  distributed  in  the  manner  shown  in  Fig.  10.15. 
Fig.  10.15  also  shows  the  current  density,  or  magnetic 
field  strength,  at  the  surface  of  the  cylinder,  both  as 
determined  from  the  program  MAGFLD  and  analyti¬ 
cally  according  to  Eq.  10.11. 


Fig.  10.14  A  hypothetical  fuselage  to  be 
modeled  as  a  wire  grid. 


Fig.  10.15  Wire  grid  approximation  of  the 
elliptical  fuselage. 

Magnetic  distribution  of  current;  One  quadrant  of 
the  elliptic  cylinder  is  shown  on  Fig.  10.16.  This  fig¬ 
ure  shows  the  magnetic  field  strength  both  within  and 
around  the  wire  grid  as  calculated  by  MAGFLD.  The 
orientation  of  the  magnetic  field  is  shown  by  the  direc¬ 
tion  of  the  arrows,  and  the  strength  both  by  the  length 
of  the  arrows  and  by  the  indicated  contour  lines.  Note 
that  the  field  lines  external  to  the  surface  are  tangen¬ 
tial  to  the  cylinder.  The  magnetic  field  strength  inside 
the  grid  is  much  smaller  than  that  outside,  since  on 
the  inside  the  fields  from  each  of  the  filaments  tend 
to  cancel,  whereas  outside  the  grid  they  tend  to  add. 
In  Fig.  10.16  the  fields  inside  >he  grid  are  largely  the 
result  of  the  finite  number  of  wires  defining  the  elliptic 


cylinder.  If  the  cylinder  were  defined  by  more  conduc¬ 
tors,  the  fields  inside  would  be  smaller,  vanishing  if  the 
number  of  wires  were  to  become  infinite. 
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Fig.  10.16  Field  with  unequal  current  distribution. 


Resistive  distribution  of  current:  Fig.  10.17  shows  a 
similar  plot  with  one  important  difference:  the  current 
was  forced  to  be  equal  in  each  wire.  The  magnetic 
field  pattern  produced  here  would  be  that  determined 
by  the  resistive  current  distribution,  the  pattern  that 
represents  the  final  stage  after  currents  and  current 
density  have  become  uniform.  The  orientation  of  the 
field  external  to  the  grid  shows  only  relatively  slight 
differences  from  that  in  Fig.  10.16,  but  one  important 
difference  is  that  some  of  the  field  lines  penetrate  the 
surface  and  cause  the  increased  field  intensity  in  the 
interior  of  the  grid. 

Rscassad  cavity:  A  third  example  of  field  distribution, 
shown  in  Figs.  10.18  and  10.19,  assumes  that  on  each 
side  of  the  fuselage  there  is  a  recessed  cavity.  Such  a 
cavity  would  be  an  approximation  of  the  equipment 
bays  for  electronic  equipment  frequently  found  on  mil¬ 
itary  aircraft.  The  figures  again  assume  the  current 
in  each  filament  to  be  controlled  by  the  magnetic  dis¬ 
tribution.  The  field  patterns  clearly  show  the  field  in 
the  recessed  cavity  to  be  less  than  the  field  at  other 
exterior  points  on  the  fuselage. 
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The  degree  to  which  the  MAGFLD  program  can 
calculate  the  magnetic  field  in  the  space  surrounding 
the  aircraft  fuselage,  while  interesting,  may  not  be  of 
great  use  for  aircraft  studies,  since  it  is  usually  only 
the  field  intensity  at  the  surface  of  the  structure  that 
is  of  interest.  The  program,  however,  is  capable  of 
calculating  the  field  distribution  in  and  around  these 
simple  geometries  with  sufficient  accuracy  for  many 
purposes. 

Redistribution:  The  filamentary  method  can  be  used 
to  calculate  redistribution  effects  by  connecting  in  se¬ 
ries  with  earii  of  the  inductors  of  Fig.  10.13  a  resistor 
of  the  appropriate  value.  In  the  matrix  operations  of 
Eqs.  10  20  through  10.40  the  values  of  L  and  M  must 
be  replaced  by  R+juL  and  juM  and  the  matrix  oper¬ 
ations  carried  out  with  complex  number  routines,  but 
the  process  is  otherwise  as  indicated.  Standard  circuit 
analysts  routines,  such  as  SPICE,  SCEPTRE,  NET- 
II  and  ECAP  can  also  be  used  to  evaluate  the  current 
in  each  filament.  Fburier  transform  techniques  could 
then  be  used  to  evaluate  the  response  as  a  function 
of  time.  Some  of  the  circuit  routines  can,  of  course, 
evaluate  the  response  directly  as  a  function  of  time. 


s  s 


s  s  N 
S 

s 

\ 


s  s 


s 

s 

s 

\ 

s, 

\ 


s 

s 

\ 

\ 

\ 


v  ^\s 

■"'*  Y  Ni 

YN-V 

\  \  w  \  \ 

-  Y\'\  \  \  s  n\\  \ 

&  ‘  \  \  '  '  V  ' 

I  _,«r  \  \  \  \\  \  v  • 

\w]m 

* - -  \\  \  h  \  * 

•  l  r 


>Ufm 


\  v  \ 
1  \ 
\ 


<V»m 


\  i\  \  } 
i  'i  \/\ 

!  -\  \  1  U*'  1 
I !  '!?  $  *  i  i  » 


\ 

, — 

.  •!  A 


if  l*  »»  . 


"TUmM^iT* 

Fig.  10.18  Recessed  bays. 
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Fig.  10.17  Field  with  equal  current  distribution. 


Fig.  10.19  Current  distribution  and  magnetic  field 
strength  at  the  surface 
(one  quadrant  only  shown). 
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R*pr***nt*tion  as  chsrgsd  strip*:  Rather  than  repre¬ 
senting  a  surface  as  a  group  of  filaments  each  carrying 
a  current,  one  can  represent  the  surface  as  a  group  of 
strips,  each  having  a  certain  charge  density.  One  then 
can,  through  matrix  techniques  [10.8,  10.9],  calculate 
the  charge  density  on  each  of  the  strips.  Since  current 
can  be  defined  as  the  charge  flowing  past  a  point  per 
unit  time,  the  technique  also  gives  the  charge  density. 
Fig.  10.20  shows  a  structure  to  which  the  technique 
was  applied,  point  C  representing  a  wire  bundle  in 
the  trailing  edge.  The  current  distribution  (for  1  am¬ 
pere  total  current)  is  shown  on  Fig.  10.21.  While  the 
current  densities  at  points  C  and  D  are  too  small  to 
discern  on  the  graph,  they  could  have  been  obtained 
from  a  numerical  printout  of  the  computed  results. 

The  technique  can  be  used  to  determine  the 
amount  of  current  on  the  cable  and  also  to  determine 
the  transmission  properties  of  the  cable;  inductance 
and  capacitance  per  unit  length  and  surge  impedance 
[10.10]. 


Fig.  10.20  A  structure  modeled  with  CAPCODE. 


Fig.  10.21  Current  distribution  on  airfoil 
for  1  ampere  total  current. 

Calculation  coda*:  The  literature  contains  several  ref¬ 
erences  to  techniques  of  representing  a  two  dimensional 
(2D)  surface  by  paralleled  subsurfaces,  among  them 
being  the  programs  CAPCODE  [10.10],  POTENT  and 
INDCAL  [10.11  -  10.14].  CAPCODE  was  used  to  cal¬ 


culate  Fig.  10.10.  Other  programs  use  similar  tech¬ 
niques  to  determine  the  capacitance  and  inductance 
matrices  governing  propagation  along  multiconductor 
cable  bundles  [10.15  -  10.17]. 

The  technique  of  subdividing  the  surface  into 
strips  can  also  be  used  with  the  Method  of  Moments 
(MOM)  [10.17]  that  has  shown  good  accuracy  when 
compared  to  analytic  solutions  and  scale  model  tests. 

One  example  of  an  application  to  which  these  2D 
calculation  techniques  have  been  applied  was  calcula¬ 
tion  of  the  current  that  would  flow  through  different 
struts  if  the  U.S.  Space  Shuttle  were  to  be  struck  by 
lightning  [10.18]. 

10.6  Maxwell’s  Equations 

The  foundation  of  all  lightning  interaction  prob¬ 
lems  is  Maxwell’s  equations,  given  here  in  the  time 
domain  differential  form: 


V  •  E  =  p/e o 

(10.41) 

VB  =  0 

(10.42) 

dB 

VxE=M,--^ 

(10.43) 

dD 

V  x  H  =  oE  +  J,  + 

(10.44) 

E ,  £,  M,  and  D  are  all  vector  quantities.  Eq. 
10.41  states  that  the  number  of  lines  of  electric  flux 
leaving  a  volume  is  equal  to  the  amount  of  charge 
contained  in  that  volume.  Eq.  10.42  states  that  the 
number  of  lines  of  magnetic  flux  entering  a  volume 
is  equal  to  the  number  leaving  it.  Eq.  10.43  states 
that  a  changing  magnetic  field  gives  rise  to  an  electric 
field.  Eq.  10.44  states  that  there  are  three  sources  of 
a  magnetic  field;  conduction  currents  (<x£),  externally 
produced  currents  ( J,)  and  the  displacement  currents 
produced  by  a  changing  electric  field.  It  should  be 
noted  that  the  externally  produced  magnetic  current 
source  M,  in  Eq.  10.43  is  a  fictitious  source  inserted  to 
provide  symmetry  to  the  equations.  Physically,  there 
is  no  such  source,  but  including  it  in  the  equations 
provides  a  useful  means  of  defining  equivalent  sources 
for  certain  scattering  and  interaction  problems. 

Starting  prtmi***:  If  one  assumes  that  the  lightning 
interaction  problem  begins  with  the  injection  of  an 
external  lightning  current  into  the  aircraft,  then  ,l,e 
source  term  for  the  interaction  is  J,  in  Eq.  It 
FYom  a  knowledge  of  J,  and  the  boundary  conn, 
tions(that  is,  the  aircraft  geometry)  electromagnet' 
fields  can,  in  principle,  be  calculated  everywhere. 

Sometimes,  however,  the  lightning  interaction 
problem  does  not  start  with  the  injection  of  lightning 
current.  In  particular,  this  is  true  for  analyses  of  trig- 
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gered  lightning.  For  that,  the  source  term  is  the  cur¬ 
rent  cE  conducted  into  the  air  from  the  aircraft. 

The  starting  point  in  this  type  of  analysis  could  be 
knowledge  of  the  way  electrical  charge  is  distributed, 
both  on  the  aircraft  and  in  the  air  surrounding  the  air¬ 
craft,  because  these  suffice  to  calculate  the  electric  field 
starrounding  the  aircraft.  If  all  the  charges  are  station¬ 
ary  then  Eq.  10.41  collapses  into  Poisson’s  equation: 

=  -p/e  o  (10.45) 

whence 

E=-V<t>  (10.46) 

Generally,  however,  one  does  not  try  to  calculate 
the  electric  field  from  any  knowledge  of  the  charges  in 
the  clouds;  one  simply  makes  an  asstamption  as  to  what 
the  electric  field  would  be  in  the  absence  of  the  aircraft 
and  calculates  the  response  of  the  aircraft  to  that  field, 
including,  if  necessary,  the  effects  of  any  pre-existing 
charge  on  the  aircraft.  Calculations  axe  made  to  de¬ 
termine  the  way  electric  charge  is  distributed  on  the 
aircraft.  From  these  one  can  calculate  the  electric  field 
strength  at  the  surface  of  the  aircraft  and  so  calculate 
the  current  crE  conducted  into  the  air. 

Air  conductivity:  The  conductivity  of  the  air  is  of 
course,  nonlinear;  poorly  conducting  until  the  electric 
field  gets  high  enough  to  cause  breakdown  and  very 
highly  conducting  as  breakdown  occurs.  The  result  is 
that  there  is  only  a  negligible  current  conducted  into 
the  air  until  breakdown  occurs,  but  considerable  cur¬ 
rent  afterwards.  That  current  then  acts  as  a  source  of 
charge  onto  the  aircraft,  which  affects  the  electric  fields 
and  may  set  in  motion  events  that  lead  to  a  complete 
triggered  lightning  flash.  Calculating  the  response  of 
the  aircraft  to  the  current,  though,  is  done  in  the  same 
way  as  for  a  naturally  occurring  lightning  flash. 

Impinging  fields:  A  third  type  of  source  is  that  in¬ 
volved  when  the  electromagnetic  field  from  a  lightning 
channel,  commonly  designated  Lightning  Electromag¬ 
netic  Pulse  (LEMP),  impinges  upon  the  aircraft.  Then 
the  problem  is  to  calculate  the  currents  and  charges 
induced  on  the  vehicle  by  the  incident  LEMP.  This  is 
the  classical  electromagnetic  scattering  problem  and 
requires  special  techniques  to  evaluate  Maxwell’s  equa¬ 
tions.  One  approach  is  to  cast  Maxwell’s  equations 
into  an  integral  form  [10.20],  such  as  the  electric  field 
integral  equation  (EFIE)  or  the  magnetic  field  integral 
equation  (MFIE),  whose  frequency  domain  forms  are 
given  by: 

EFIE 

n  x  Eo(r,u)  =  r-4 — n  x  / (-wVo‘ofi(f')4 
2wjuta  J 

+  (VV)[(V'  ■  J,(r)]}da'  (10.47) 


MFIE 

7,(r,w)  —  2nx  H0(u)  +  —  x  J  J,(r'ui  x  V')<t>)da! 

(10.48) 

where  <j>  represents 

In  these  equations,  E0(r,w)  and  ff0(r,w)  are  the 
incident  electric  and  magnetic  fields,  R  is  the  vector 
between  the  observation  point  (r)  and  the  integration 
point  (r')  and  J,  is  the  induced  surface  current  den¬ 
sity,  which  is  the  desired  solution.  The  integration  in 
Eqs.  10.47  and  10.48  is  over  the  surface  of  the  air¬ 
craft.  Strictly  speaking,  these  equations  are  only  true 
for  perfect  conductors,  but  approaches  have  been  de¬ 
veloped  to  include  lossy  elements  in  integral  equation 
formalisms. 

Note  that  the  integral  equations  have  the  un¬ 
known  appearing  in  the  integrand.  The  solutions  are 
typically  obtained  by  the  Method  of  Moments  (MOM) 
[10.21]. 

Another  approach  to  solving  the  scattering  prob¬ 
lem  is  to  invoke  the  equivalence  principle  [10.22].  In 
this  approach  the  scattering  object  is  completely  sur¬ 
rounded  by  an  imaginary  closed  surface.  On  this  sur¬ 
face,  one  defines  equivalent  electric  and  magnetic  cur¬ 
rent  sources  J,  and  M,  for  use  in  Maxwell’s  equations. 
These  sources,  called  Huygen’s  sources,  are  tangen¬ 
tial  to  the  closed  surface  and  are  derived  solely  from 
the  incident  field  which  would  exist  in  the  absence 
of  the  scattering  object.  Therefore,  if  one  knows  the 
sources  J,  and  Mf,  Maxwell’s  equations  can  be  used 
to  calculate  the  electromagnetic  response  everywhere 
in  space,  given  the  appropriate  boundary  conditions. 
This  approach  is  commonly  used  to  solve  the  scattering 
problem  in  the  time  domain  finite  difference  method 
[10.23]. 

10.7  Survey  of  Interaction  Models 

In  this  section,  available  interaction  models  are 
surveyed.  They  fall  into  two  important  classes:  finite 
difference  solutions  and  integral  equation  solutions. 

10.7.1  Time  Domain  Finite  Difference 
Approaches 

The  term  time  domain  implies  that  the  response 
of  a  system  is  calculated  as  a  function  of  time,  as  con¬ 
trasted  to  the  frequency  domain  in  which  the  response 
is  calculated  as  a  function  of  frequency.  All  time  do¬ 
main  solutions  calculate  the  response  of  a  system  at 
specific  time  steps,  using  the  response  at  a  previous 
time  step  to  calculate  the  response  at  the  next  time 
step. 
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Modeling  and  problem  (pace:  In  the  time  domain  the 
two  Maxwell  curl  equation!  are: 

V  x  E  =  M,~~  (10.49) 

at 

Vxfl  =  ff£  +  ;,+  ^  (10.50) 

Implementing  a  time  domain  solution  of  the  equations 
in  rectangular  coordinates  requires  that  each  surface 
of  the  aircraft  (or  any  other  article)  under  study  be 
modeled  by  an  assemblage  of  three  dimensional  cells, 
as  shown  on  Fig.  10.22. 


Fig.  10.22  Model  of  F-106  used  in 
finite-difference  code. 

The  size  of  the  cells  depends  on  the  resolution  de¬ 
sired  in  the  time  domain  solution.  A  rule  of  thumb 
is  that  five  cells  are  needed  to  resolve  the  wavelength 
of  the  highest  frequency  of  interest.  Therefore,  if  the 
desired  resolution  is  up  to  100  MHz,  then  the  cell  di¬ 
mension  would  have  to  be  about  2  foot  (0.6  m)  wide 
since  the  velocity  with  which  electromagnetic  waves 
propagate  along  the  surface  is  about  1  ft/ns,  or  more 
precisely,  0.3  m/ns. 

At  any  one  time  each  cell  contains  information  on 
the  magnetic  and  electric  fields.  At  the  next  instant 
of  time  the  fields  in  each  cell  will  have  propagated  to 
adjacent  cells,  in  a  manner  depending  on  how  the  fields 
were  distributed  in  those  cells  at  the  previous  time 
step. 

The  analysis  assumes  that  the  way  the  fields  in 
a  particular  cell  propagate  depends  only  on  the  fields 
in  its  immediate  neighbors  at  the  previous  time  step. 
This  information  suffices  to  allow  the  various  partial 
derivatives  in  Maxwell’s  equations  to  be  approximated 
by  ratios  of  differences  of  two  quantities,  as  suggested 
by  Yee  (10.24).  The  procedure,  which  has  been'widely 
used  in  the  NEMP  community,  will  not  be  detailed 
here,  but  it  is  described  in  the  literature  [10.23,  10.25 
-  10.27). 


Information  on  the  coordinates  of  each  of  the  cells, 
along  with  information  on  the  magnetic  and  electric 
field  intensity  in  each  of  the  cells  must  be  stored  in  the 
computer  (hand  calculations  are  totally  impractical) 
and  the  required  memory  locations  provide  one  of  the 
limitations  on  the  degree  to  which  the  aircraft  can  be 
modeled.  Doubling  the  resolution  by  halving  the  size 
of  the  cells  raises  the  storage  requirements  by  a  factor 
of  eight  for  3D  computations.  Also,  if  the  cell  size  is 
reduced  by  a  factor  of  two,  then  the  time  step  must 
be  reduced  by  a  factor  of  two.  Therefore,  in  order 
to  calculate  the  response  of  the  more  finely  gridded 
problem  space  to  the  same  final  time  as  the  original 
problem  requires  sixteen  times  as  much  computer  time. 

The  time  domain  finite  difference  technique  has 
had  an  extensive  successful  application  to  understand¬ 
ing  the  response  of  the  F-106B  and  C-580  thunder¬ 
storm  research  aircraft  to  triggered  lightning  [10.28  - 
10.37] .  It  has  also  been  used  to  model  the  lightning  re¬ 
sponse  of  helicopters  [10.38],  to  model  the  response  of 
aircraft  in  test  facilities  and  to  design  lightning  test  fa¬ 
cilities  [10.39, 10.40).  Both  two  dimensional  and  three 
dimensional  (2DFD)  and  3DFD)  approaches  have  been 
implemented. 

Advantages:  Because  the  approach  is  a  straightfor¬ 
ward  solution  of  Maxwell’s  curl  equations  there  are 
no  fundamental  approximations,  though  solution  ac¬ 
curacy  may  be  limited  by  the  the  degree  to  which  the 
complex  shape  of  an  actual  aircraft  can  be  modeled 
as  an  assemblage  of  cells.  The  main  limiting  factor  in 
analysis  is  the  speed  and  memory  of  the  computer  used 
for  the  calculations  and  the  cost  of  computer  usage. 
Other  advantages  of  this  approach  are: 

1.  Nonlinearities  can  be  modeled. 

2.  All  three  types  of  lightning  sources  described  in 
§10.6  can  be  modeled 

3.  Circuit  and  transmission  line  elements  (linear  and 
nonlinear)  can  be  integrated  and  interfaced  with 
3DFD  codes,  thus  allowing  self-consistent  interac¬ 
tion  of  lightning  pulse  generators  and  test  fixtures 
with  the  aircraft  being  modeled. 

4.  It  has  considerable  credibility  in  that  it  has  been 
successfully  compared  to  experimental  data,  both 
in  the  NEMP  and  lightning  communities. 

5.  Complex  three  dimensional  shapes  can  be  mod 
eled. 

Disadvantages:  One  disadvantage  of  this  approach  is 
that  the  codes  are  complex  and  users  need  consider¬ 
able  skill.  Another  is  that  the  codes  may  require  sub- 
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stantial  computer  time  and  expense.  Ongoing  trends 
in  computer  speed  and  cost  can  be  counted  upon  to 
reduce  these  problems. 

Examples:  Some  examples  of  the  use  of  this  approach 
are  given  in  §10.8  and  §10.9,  in  which  predictions  of 
the  response  of  the  F-106B  and  C-580  thunderstorm 
research  aircraft  are  compared  to  measured  data.  The 
predictions  cover  both  linear  and  nonlinear  (triggered 
lightning)  modeling. 

10.7.2  Integral  Equation  Approaches 

There  are  at  least  three  integral  equation  ap¬ 
proaches  which  have  been  used  for  lightning  interac¬ 
tion  analysis.  They  all  use  the  method  of  moments 
(MOM)  and  calculations  are  made  only  in  the  fre¬ 
quency  domain.  Determining  the  response  to  a  light¬ 
ning  transient  would  require  calculations  to  be  made 
at  many  frequencies,  after  which  the  time  domain  re¬ 
sponse  could  be  extracted  by  inverse  Fourier  transform 
techniques.  Since  making  calculations  at  the  large 
number  of  frequencies  required  for  a  meaningful  trans¬ 
formation  would  be  quite  expensive,  the  methods  have 
not  been  used  much  for  lightning  interaction  problems. 
Also,  because  all  the  approaches  assume  linearity  in 
their  formulation,  they  cannot  be  used  to  solve  non¬ 
linear  problems. 

This  is  an  inherent  feature  of  all  frequency  domain 
analysis  techniques,  whatever  the  application,  and  is 
not  peculiar  to  calculations  of  lightning  interactionc.  A 
consequence  of  this  is  that  none  of  them  can  be  used 
to  analyze  initiation  of  triggered  lightning.  Lightning 
must  be  considered  either  as  a  discrete  current  source 
injected  onto  the  aircraft  at  some  point  (and  removed 
at  one  or  more  points  elsewhere)  or  it  must  be  assumed 
to  be  the  source  of  an  electromagnetic  field  that  im¬ 
pinges  on  the  aircraft. 

WIRANT:  The  program  WIRANT  (10.41  -  10.43]  is 
based  on  the  electric  field  integral  equation  (EFIE)  of 
§10.6.  The  aircraft  is  replaced  by  an  approximately 
equivalent  structure  made  of  thin  wire  segments,  as 
illustrated  on  Fig.  10.23.  WIRANT  is  then  used  to 
determine  the  current  on  the  individual  wire  segments. 
Those  currents  provide  an  approximation  of  the  actual 
surface  currents  on  the  vehicle.  Most  commonly  the 
procedure  has  been  used  to  determine  the  response  of  a 
structure  to  an  impinging  electromagnetic  field,  but  for 
lightning  interactions  the  procedure  can  also  be  used  to 
determine  how  current  divides  among  the  various  wires 
if  lightning  current  is  injected  at  a  particular  point. 
Lossy  materials  can  be  included  in  the  model.  Results 
predicted  by  WIRANT  have  compared  favorably  with 
test  data  (10.44]. 


Fig.  10.23  Simple  wire  grid  model  of  a  cruise  missile. 


Triangular  patch:  The  triangular  patch  method  [10.44 
-10.46]  models  the  aircraft  by  an  assemblage  of  trian¬ 
gular  surfaces.  The  current  at  the  center  of  each  patch 
is  then  calculated  using  either  the  electric  field  integral 
equation  (EFIE)  or  the  magnetic  field  integral  equa¬ 
tion  (MFIE),  depending  on  the  shape  of  the  object 
being  modeled.  The  MFIE  can  only  be  used  for  closed 
surfaces.  A  gridding  of  the  F-18,  showing  the  distri¬ 
bution  of  current  at  1  MHz,  is  shown  on  Fig.  10.24. 
The  method  allows  lossy  materials  to  be  modeled. 

A  virtue  of  a  triangular  grid  is  that  it  allows  for 
fairly  faithful  modeling  of  complex  shapes,  and  for  this 
reason  triangular  grids  are  the  ones  most  commonly 
used  for  field  analysis  in  other  disciplines.  A  draw¬ 
back,  though,  is  that  the  model  can  only  be  used  for 
a  steady  state  solution.  The  literature  [10.44  -  10.46] 
shows  several  examples  of  the  response  at  a  fixed  fre¬ 
quency,  but  no  lightning  transient  responses  have  been 
published,  perhaps  because  the  cost  of  calculating  the 
response  at  sufficient  frequencies  for  a  Fourier  trans¬ 
form  into  the  time  domain  has  been  excessive. 


Fig.  10.24  Triangular  patch  model  of  an  F-18. 
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GEMAX:  The  program  GEMAX  (General  Electro¬ 
magnetic  Model  for  the  Analysis  of  Complex  Systems) 
uses  a  MOM  integral  equation  solution  for  low  frequen¬ 
cies  and  the  geometrical  theory  of  diffraction  (GTD) 
for  high  frequencies  (10.47  -  10.49].  For  lightning  inter¬ 
actions  the  frequencies  are  low  enough  that  the  integral 
equation  approach  is  appropriate.  The  method  has 
been  used  to  study  lightning  coupling  to  a  helicopter, 
the  analyses  being  made  in  the  frequency  range  0.5  - 
10  MHz.  The  lightning  stroke  was  modeled  as  a  con¬ 
ductor  20  times  the  length  of  the  helicopter,  though 
since  a  lightning  channel  is  actually  much  longer,  do¬ 
ing  so  may  lead  to  resonant  behaviour  not  truly  ap¬ 
propriate  for  interaction  with  lightning.  No  lightning 
transient  results  have  been  published,  again  perhaps 
because  computation  at  all  the  frequencies  required 
for  a  Fourier  transform  is  too  expensive. 

NEC;  Another  integral  equation  code  which  might  be 
of  some  use  for  analysis  of  lightning  effects  is  NEC 
[10.50  -  10.54],  “Numerical  Electromagnetic  Code.” 
The  program  is  designed  mainly  for  antenna  and  EMC 
work  and  no  applications  for  lightning  analyses  seem 
to  have  been  published. 

None  of  these  frequency  domain  approaches  have 
been  mated  to  techniques  for  determining  the  fields 
coupled  to  the  interior  of  the  aircraft  or  for  determin¬ 
ing  the  response  of  circuits  inside  the  aircraft  to  such 
fields.  They  have  only  been  used  to  determine  the  elec¬ 
tromagnetic  fields  on  the  surface  of  the  aircraft,  after 
which  the  fields  coupled  into  the  aircraft  have  been 
analyzed  as  a  separate  task. 

10.8  Application  of  Finite  Difference  Codes  - 
Linear  Modeling 

This  section  will  show  examples  of  how  the  finite 
difference  codes  have  been  used  to  model  two  research 
aircraft;  the  F-106B  operated  by  NASA’s  Langley  Re¬ 
search  Center  [10.29,  10.30]  and  the  CV-580  operated 
by  Wright  Patterson  AFB  and  the  FA  A  [10.31],  It  will 
deal  with  linear  modeling;  that  is  the  response  of  the 
aircraft  to  an  assumed  lightning  stroke,  §10.9  will  give 
examples  of  how  the  codes  have  been  used  to  predict 
the  response  to  triggered  lightning. 

10.8.1  Modeling  of  the  Aircraft 

The  way  the  F-106B  was  modeled  as  an  assem¬ 
blage  of  cells  was  previously  shown  on  Fig.  10.22,  that 
figure  also  showing  the  coordinate  system  and  the  lo¬ 
cation  of  several  electromagnetic  field  sensors  used  on 
the  aircraft.  The  large  scale  nature  of  the  aircraft  is 
well  resolved,  but  it  is  clear  that  details,  such  as  the 
nose  boom,  are  not  well  resolved.  This  can  cause  dif¬ 


ficulty  when  field  distributions  around  such  points  are 
desired.  In  most  cases,  however,  the  model  as  shown 
is  adequate  to  predict  the  response  at  the  sensors  of  a 
given  lightning  event,  partly  because  the  sensors  were 
intentionally  placed  on  surfaces  with  a  large  radius  of 
curvature,  surfaces  which  are  easily  modeled. 

Problem  space:  The  problem  space  (see  §10.5.1)  into 
which  the  aircraft  was  placed  was  about  twice  the  size 
of  the  aircraft  itself  and  was  divided  into  a  grid  one  me¬ 
ter  in  X  dimension  (fore  and  aft)  and  one-half  meter 
in  the  wing  to  wing  and  vertical  dimensions  Y  and  Z. 
The  temporal  resolution  of  the  model  was  1  nanosec¬ 
ond.  The  nominal  frequency  resolution  of  the  mesh, 
assuming  a  minimum  of  five  cells  per  wavelength,  was 
thus  approximately  60  MHz.  The  model  was  placed 
in  the  problem  space  in  such  a  way  that  all  tangential 
electric  fields  were  zero  at  all  times.  This  implies  that 
the  aircraft  was  perfectly  conducting,  with  no  signifi¬ 
cant  apertures  which  would  alter  the  field  around  the 
aircraft.  This  is  a  good  approximation  except  for  the 
immediate  vicinity  of  the  cockpit. 

Representation  of  CV-580:  The  three  dimensional  fi¬ 
nite  difference  representation  of  the  CV-580  is  shown 
in  Fig.  10.25  [10.56].  Also  shown  are  coordinate  axes 
and  the  locations  where  the  electromagnetic  fields  were 
calculated,  these  corresponding  to  the  locations  where 
field  sensors  were  located  on  the  actual  aircraft.  The 
angles  0and  <j>  are  used  to  specify  the  direction  of  the 
ambient  electric  field  for  the  nonlinear  model  discussed 
in  §10  9.  The  spatial  resolution  of  the  model  was  one 
meter  in  all  directions  and  the  time  step  used  was  1 
nanosecond.  The  problem  space  used  was  of  dimen¬ 
sion  48  x  41  x  22  cells,  putting  the  extremities  of  the 
aircraft  eight  cells  away  from  the  nearest  boundary. 
This  is  about  the  minimum  separation  that  allows  a 
satisfactory  simulation  of  the  scattering  problem. 

10.8.2  Necessary  Assumptions 

There  are  a  number  of  assumptions  that  must 
be  made  when  using  the  linear  transfer  function  tech¬ 
nique,  These  are  discussed  individually  below. 

Lightning  attachment  locations;  The  places  where 
the  lightning  attaches  to  the  aircraft  must  be  defined 
in  advance  since  they  constitute  part  of  the  initial  con¬ 
ditions.  Also,  they  cannot  change  with  time  since  time 
dependent  geometry  is  not  consistent  with  the  assump¬ 
tion  of  linearity.  Any  realistic  condition  requires  that 
there  be  multiple  channel  attachments,  but  only  one  of 
these  can  act  as  a  source  injecting  charge  onto  the  air¬ 
craft,  though  there  may  be  multiple  channels  to  drain 
charge  away.  Having  more  than  one  source  does  not 
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violate  linear  constraints,  but  it  does  prevent  the  prob¬ 
lem  from  having  a  single  unique  solution. 

The  linear  technique  can  be  used  for  either  trig¬ 
gered  or  natural  lightning;  the  distinction  being  that 
triggered  lightning  begins  at  the  aircraft  and  moves 
away  while  natural  lightning  moves  toward  the  air¬ 
craft.  Typical  geometries  for  each  of  these  cases  are 
shown  in  Fig.  10.26.  The  figure  shows  the  channel 
attached  to  the  nose  of  the  aircraft,  as  often  happened 
on  the  F-106B,  but  the  analysis  procedure  allows  at¬ 
tachment  to  any  point  on  the  aircraft. 

The  difference  between  Fig.  10.26(a)  and  Fig. 
10.26(b)  is  the  location  of  the  current  source.  For 
calculations  simulating  natural  lightning  the  source  is 
located  at  the  edge  of  the  problem  space,  as  far  from 
the  aircraft  as  possible,  reflecting  the  fact  that  the  ini¬ 
tiation  and  driving  forces  for  a  natural  lightning  flash 
occur  away  from  the  aircraft  and  the  lightning  propa¬ 
gates  towards  it.  For  triggered  lightning  it  is  located 
near  the  point  where  the  channel  attaches  to  the  air¬ 
craft,  reflecting  the  fact  that  the  flash  originates  at  the 
aircraft  and  propagates  away  from  the  aircraft. 


Fig.  10.26  Locations  of  current  source 
used  in  computer  code. 

(a)  Natural  lightning 

(b)  Triggered  lightning 


Fig.  10.25  3D  finite  difference  model  of  CV-580  aircraft. 

(a)  Top  view 

(b)  Bottom  view 


Formation  times  of  multiple  channels:  While  the  rou¬ 
tines  can  handle  multiple  exit  channels,  it  is  necessary 
to  define  in  advance  when  they  are  to  form;  the  forma¬ 
tion  times  cannot  be  left  as  a  matter  to  be  calculated 
during  the  solution  of  the  problem. 


Lightning  channel  geometry:  The  geometry  of  the 
lightning  channels  should  be  defined  since  there  can  be 
radiation  from  the  channels  that  affects  the  response 
of  the  aircraft.  This  radiation,  however,  has  much  less 
of  an  impact  on  the  response  than  does  the  current  in¬ 
jected  from  the  channel.  Since  the  orientation  of  real 
channels  cannot  be  determined  in  advance,  it  is  gener¬ 
ally  satisfactory  just  to  assume  the  lightning  channels 
to  be  straight  lines,  as  shown  in  Fig.  10.26. 

Channel  characteristics:  The  channel  characteristics, 
the  most  important  of  which  are  impedance  and  ve¬ 
locity  of  propagation,  must  be  defined  since  there  are 
interactions  between  the  aircraft  and  the  channel  and 
these  depend  on  the  channel  impedance.  Elementary 
aspects  of  this  interaction  were  discussed  in  Chapter  8. 
The  impedance  and  velocity  of  propagation  are  deter¬ 
mined  from  the  resistance  and  inductance  and  capac¬ 
itance  of  the  channel,  per  unit  length,  with  the  latter 
two  being  determined  by  the  physical  diameter  of  the 
channel,  as  discussed  in  Chapter  2. 

The  analysis  technique  allows  the  investigator  to 
define  any  desired  impedance  characteristics  of  the 
channel,  as  long  as  those  characteristics  do  not  depend 
on  the  way  the  problem  evolves.  The  impedance  may 
vary  with  time,  but  the  variation  must  be  predicted  in 
advance. 

In  an  actual  channel  the  impedance  probably  de¬ 
pends  on  the  current  that  has  flowed  through  the  chan¬ 
nel,  but  the  linear  analysis  technique  does  not  allow 
channel  impedance  to  be  defined  as  a  function  of  cur¬ 
rent. 
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10.8.3  Transfer  Functions 

In  the  examples  that  follow,  the  shape  of  the  light¬ 
ning  current  injected  into  the  aircraft  was  determined 
by  using  the  finite  difference  code  to  see  what  current 
was  necessary  to  produce  a  calculated  field  matching 
one  of  the  fields  measured  on  the  aircraft.  The  injected 
current  was  then  used  to  calculate  the  responses  at  the 
other  points  at  which  measurements  had  been  made. 
The  calculated  fields  were  then  compared  to  the  mea¬ 
sured  fields  to  see  the  degree  of  correspondence. 

Determining  the  appropriate  shape  of  the  light¬ 
ning  current  involves  the  use  of  transfer  functions. 
The  transfer  function,  T.P.,  is  a  relationship  in  the 
frequency  domain  between  a  source  function  and  a  re¬ 
sponse  function, 

£(Output)  =  T.F.  x  £(  Input) 

£  =  Laplace  transform  (10.51) 

and  its  use  requires  the  system  under  study  to  be  lin¬ 
ear.  This  requirement  is  satisfied  by  a  linear  finite 
difference  code,  but  is,  of  course,  not  satisfied  in  a  real 
interaction  between  an  aircraft  and  a  lightning  flash 
where  the  impedance  of  the  lightning  flash  changes 
with  time  and  with  current.  The  justification  for  using 
transfer  functions  is  that  the  nonlinearity  in  the  real 
situation  is  mostly  confined  to  the  lightning  channel 
itself.  The  responses  of  the  aircraft  are  usually  linear 
functions  of  the  lightning  current  that  flows  onto  the 
aircraft,  at  least  to  within  the  accuracy  with  which 
lightning  interaction  calculations  can  be  made. 

Transfer  functions  are  determined  by  taking  the 
Fourier  transforms  of  the  current  source  and  the  re¬ 
sponse  waveforms: 

™  <l0-52> 

Here  T(w)  is  the  transfer  function  in  the  frequency 
domain,  iZ(w)  is  the  transform  of  the  response  wave¬ 
form,  and  I(ui)  is  the  Fourier  transform  of  the  current 
source  waveform.  A  transfer  function  can  be  calcu¬ 
lated  (for  given  set  of  lightning  channels)  by  assuming 
a  current  waveshape  (time  domain),  making  the  cal¬ 
culations  to  determine  the  time  domain  response  at 
a  particular  point  and  performing  the  transforms  and 
calculations  of  Eq.  10.52.  For  the  F-106  study  the 
responses  calculated  were  the  rates  of  change  of  elec¬ 
tric  field  at  the  locations  where  electric  field  sensors 
(D-dot  sensors)  were  located  on  the  aircraft.  Several 
transfer  functions  were  calculated,  one  for  each  loca¬ 
tion  where  there  was  a  sensor  of  the  electric  field,  all, 
of  course,  for  the  same  geometry  of  the  lightning  flash. 
Because  the  model  is  linear  the  transfer  functions  are 
independent  of  the  characteristics  of  the  source. 


Current  from  field  waveshape:  One  way  the  transfer 
functions  can  be  used  is  to  calculate  for  each  of  the 
points  where  measurements  were  made  the  waveshape 
of  the  current  that  would  have  produced  that  response. 
If  the  lightning  channels  assumed  for  the  calculations 
were  those  followed  by  the  actual  lightning  flash,  and 
if  all  of  the  responses  of  the  aircraft  upon  which  the 
calculated  transfer  functions  were  based  were  correct,, 
then  all  of  the  calculated  lightning  current  waveshapes 
would  be  the  same.  If  not,  then  the  calculations 
could  be  repeated  until  satisfactory  performance  was 
reached. 

For  this  program  a  slightly  different  approach  was 
used.  The  transfer  function  calculated  for  one  point  on 
the  aircraft,  and  the  response  measured  at  that  point, 
were  used  to  calculate  the  lightning  current  flowing 
along  the  lightning  channel  assumed  for  the  calcula¬ 
tions.  Then  the  responses  calculated  at  all  the  mea¬ 
surement  points  were  compared  to  the  responses  mea¬ 
sured  at  those  points.  The  degree  to  which  the  re¬ 
sponses  agree  is  a  measure  of  the  validity  of  the  mod¬ 
eling  technique. 

10.8.4  Results  of  Calculations 

Two  examples  of  calculations  based  on  measure¬ 
ments  made  during  actual  lightning  strikes  will  be 
given.  In  each,  the  field  waveshape  measured  at  one 
location  was  used  to  calculate  the  most  probable  wave¬ 
shape  of  the  lightning  current.  That  current  was  then 
used  to  calculate  the  field  waveshape  at  other  points. 
Measured  and  calculated  field  waveshapes  were  then 
compared. 

F-106B:  Results  from  the  model  for  the  F-106B  are 
presented  in  Fig.  10.27.  They  pertain  to  a  trig¬ 
gered  lightning  flash  attaching  to  the  nose  with  an  exit 
streamer  coming  from  the  tip  of  the  vertical  stabilizer. 
The  transfer  function  and  measured  waveshape  used  to 
derive  the  waveshape  of  the  current  were  derived  for 
the  longitudinal  magnetic  field  sensor  (B-dot)  located 
atop  the  fuselage,  the  waveshape  at  that  sensor  being 
shown  on  Fig.  10.27(a).  The  agreement  between  cal¬ 
culated  and  measured  results  only  indicates  that  there 
were  no  numerical  errors  in  the  calculations. 

Responses  measured  and  calculated  for  the  other 
points  are  shown  in  Figs.  10.27(b)  -  10.27(e).  The 
largest  disagreement  between  measured  and  calculated 
responses  is  that  for  the  tail.  Fig.  10.27(e).  After  the 
calculations  were  done,  it  was  discovered  that  the  ac¬ 
tual  location  of  the  sensor  on  the  tail  was  considerably 
different  from  the  location  assumed  for  the  model;  in 
fact  the  calculations  and  measurements  pertain  to  two 
different  locations. 
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Fig.  10.27  Calculated  and  measured  response  to  triggered  lightning  -  F-106B. 

(a)  Longitudinal  B-dot  sensor  (d)  Left  wing  D-dot  sensor 

(b)  Left  wing  B-dot  sensor  (e)  Vertical  fin  D-dot  sensor 

(c)  Forward  D-dot  sensor  (f)  Nose  current 


The  waveshapes  of  the  current  calculated  and 
measured  as  flowing  into  the  nose  boom  of  the  F-106B 
are  shown  in  Fig.  10.27(f). 

CV-S80:  Similar  results  have  been  obtained  with  the 
CV-580  data.  The  situation  illustrated  here  pertains 
to  a  strike  that  occurred  on  5  September  1984  at 
21:53:05  UTC  (Coordinated  Universal  Time).  This 
strike  is  known  to  have  attached  to  the  right  wing 


[10.55].  For  the  calculations,  the  lightning  channel  was 
assumed  to  be  vertical  upward  from  the  right  wing  tip. 
The  current  in  the  channel  was  determined  using  a 
transfer  function  based  on  a  voltage  source  at  the  air¬ 
craft  and  the  response  measured  for  the  electric  field 
(D-dot)  on  the  right  wing.  That  response  is  shown  on 
Fig.  10.28  and  the  agreement  between  measured  and 
calculated  results  only  indicates  that  calculations  were 
numerically  correct. 
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Fig.  10.28  Calculated  and  measured  response  to  triggered  lightning  -  CV-580. 

(a)  D-dot  right  wing  sensor  (e)  Right  wing  B-dot  sensor 

(b)  Vertical  stabilizer  D-dot  sensor  (f)  Forward  fuselage  B-dot  sensor 

(c)  Left  wing  D-dot  sensor  (g)  Aft  fuselage  B-dot  sensor 

(d)  Left  wing  B-dot  sensor 


Measured  -  solid,  Calculated  -  dotted 


Responses  for  other  points  are  shown  in  Figs. 
10.28(a)  -  10.28(f).  The  general  agreement  between 
measured  (solid)  and  calculated  (dashed)  results  is  ev¬ 
idence  that  the  simulation  comes  close  to  reproducing 
the  effects  of  the  real  lightning  Rash. 

The  waveshape  calculated  for  the  current  is  shown 
in  Fig.  10.29.  The  predicted  lightning  current  has  a 
peak  amplitude  of  about  2  kA  with  a  maximum  rate 
of  change  of  20  kA//js,  values  typical  of  the  currents 
encountered  during  triggered  lightning  flashes. 

10.9  Nonlinear  Interaction  Modeling 

A  description  of  triggered  lightning  wes  given  in 
Chapter  3.  Nonlinear  modeling  with  time  domain 


codes  is  a  way  of  simulating  the  way  corona  forms 
around  the  aircraft  and  develops  into  a  triggered  light¬ 
ning  event.  The  currents  involved  can  then  be  used  to 
determine  the  response  of  the  aircraft.  Good  compar¬ 
isons  between  measured  results  and  results  from  cal¬ 
culation  give  evidence  that  the  numerical  procedures 
used  function  properly  and  that  the  physical  charac¬ 
teristics  of  the  lightning  flash  are  modeled  reasonably 
correctly. 

Calculation  of  triggered  lightning  phenomena  is  a 
very  computer  intensive  process,  for  reasons  described 
earlier.  It  has  not  been  employed  to  calculate  re¬ 
sponses  for  the  full  duration  of  a  triggered  lightning 
event,  but  the  model  described  here  is  applicable  to  at 
least  the  initial  stage  of  triggered  lightning. 
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Fig.  10.29  Calculated  injected  current  -  CV-580. 

(a)  Current 

(b)  Rate  of  change  of  injected  current 

10.9.1  Air  Conductivity 


The  details  of  the  nonlinear  model  have  been  de¬ 
scribed  elsewhere  [10.29  -  10.31]  and  only  a  summary 
of  the  basic  ideas  is  presented  here.  In  this  model, 
air  conductivity,  which  can  change  by  several  orders 
of  magnitude  during  air  breakdown,  is  calculated  and 
included  in  the  finite  difference  equations.  The  sub¬ 
sequent  flow  of  induced  current  during  the  breakdown 
constitutes  the  initial  event  of  triggered  lightning. 

The  calculation  of  the  conductivity  of  air  is  based 
on  a  three  species  air  chemistry  model;  electrons,  pos¬ 
itive  ions  and  negative  ions.  The  model  calculates 
their  densities  by  using  continuity  equations  and  the 
measured  rates  for  various  physical  processes.  These 
processes  include  electron  avalanching,  electron  at¬ 
tachment  to  neutral  molecules,  recombination  between 
electrons  and  positive  ions  and  recombination  between 
negative  and  positive  ions.  The  conductivity  of  the  air 
is  determined  by  summing  all  the  conducting  particles; 

a  «  q(n,nt  +  n_p,  +  n+w).  (10.83) 


where  q  is  the  electronic  charge  (1.6  x  10  coulombs, 
n,  n_,  and  n+  are  the  numbers  of  secondary  elec¬ 


trons,  negative  ions  and  positive  ions  per  cubic  me¬ 
ter  and  Ht  end  m  are  the  electron  and  ion  mobilities 
in  m2/volt  •  sec.  The  mobilities  of  positive  and  neg¬ 
ative  ions  are  assumed  to  be  the  same.  The  particle 
densities  are  calculated  from  the  continuity  equations: 


^  +  V  •  (ntvt)  +  [0n+  +  a.  -  G]  =  Q(t)  (10.54) 

O 

+  V  •  (n_u_)  +  6n+n _  =  aene  (10.55) 
dn 

+  V  •  (n+v+)  +  0nen+  +  Sn+n _  =  Q(t)  +  Gne 

(10.56) 

where  a  is  the  electron  attachment  rate  (sec-1),  G  is 
the  electron  avalanche  rate  (sec-1 ),  0  is  the  electron- 
ion  recombination  coefficient  (m3sec-1),  6  is  the  nega¬ 
tive-positive  ion  recombination  coefficient  (m3sec-1) 
and  Q  is  the  ambient  ionization  rate.  These  rate  coef¬ 
ficients,  as  well  as  the  electron  and  ion  mobilities,  are 
functions  of  the  electric  field  intensity,  the  percentage 
of  water  vapor  in  the  air,  and  the  relative  air  density. 
The  formulae  for  these  coefficients  were  obtained  by 
curve  fitting  to  measured  data,  as  discussed  in  [10.58]. 
For  simplicity,  the  mobilities  of  the  particles  are  used 
to  calculate  their  velocities: 


v.  =  ±fiE.  (10.57) 

In  the  implementation  of  the  model  into  the  finite  dif¬ 
ference  code,  the  conductivity  of  air  iB  calculated  for 
every  spatial  cell  at  the  same  time  point  as  the  mag¬ 
netic  field  calculation;  that  is,  the  electric  field  from 
the  previous  time  step  is  used  to  calculate  the  air  con¬ 
ductivity  which  in  turn  is  used  to  advance  the  electric 
field  in  time. 


10.9.2  Steps  in  the  Calculation  Process 

The  first  step  is  determining  the  static  field  distri¬ 
bution  about  the  aircraft.  This  could  be  determined 
from  calculation  knowing  the  distribution  of  all  the 
charges,  both  in  the  cloud  and  on  the  aircraft,  or  it 
can  be  determined  just  by  assuming  a  given  field.  In 
any  case  it  will  be  a  static  field  since  the  rate  at  which 
the  field  builds  up  is  very  much  slower  than  the  rate 
at  which  the  field  collapses  once  air  breakdown  starts, 
build-up  being  measured  in  aeconds,  and  breakdown 
being  measured  in  nanoseconds. 

Initial  Conditions;  For  the  calculation  of  the  initial 
conditions,  four  basic  electrostatic  solutions  are  either 
computed  or  assumed.  Three  of  these  are  to  deter¬ 
mine  the  electric  field  oriented  along  each  of  the  coor- 
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dinate  axes  and  the  fourth  is  to  determine  the  electric 
field  produced  by  charge  on  the  aircraft.  These  may 
be  combined  to  give  the  total  field.  The  basic  solu¬ 
tions  can  be  calculated  by  solving  Poisson’s  equation, 
but  with  some  slight  modifications,  the  finite  differ¬ 
ence  equations  can  also  be  used  to  yield  the  desired 
static  solution.  The  latter  approach  is  used  here. 

Input  parameters:  The  input  parameters  for  the  non¬ 
linear  model  are:  the  relative  air  density  (a  function 
of  altitude),  water  vapor  content  of  the  ambient  air, 
the  ambient  field,  and  the  net  charge  on  the  aircraft. 
For  nonlinear  modeling,  these  parameters  completely 
define  the  lightning  environment. 

To  get  a  static  solution  for  a  given  initial  ambient 
field,  equivalent  sources  on  a  Huygens’  surface  are  used 
to  obtain  a  field  of  one  volt/meter  along  one  of  the 
coordinate  axes.  Numerically,  the  charges  are  assumed 
to  appear  instantaneously.  This  causes  an  oscillating 
response  of  the  aircraft  and  so  the  code  is  run  until  a 
steady  state  is  reached. 

10.9.3  Examples  of  Calculations 

If  one  can  find  a  set  of  initial  conditions  that 
produce  a  response  that  matches  measured  data  for 
a  given  lightning  event,  then  there  is  reason  to  believe 
that  the  ambient  environment  assumed  for  the  calcu¬ 
lations  was  similar  to  the  conditions  that  gave  rise  to 
the  actual  event.  Because  of  the  nonlinear  character  of 
the  study  method,  it  is  not  possible  to  make  a  simple 
scaling  of  calculated  results  to  measured  results  and 
so  come  up  with  a  better  estimate  of  the  initial  condi¬ 
tions.  One  must  just  malce  a  comparison  between  the 
response  calculated  for  a  specific  set  of  conditions  and 
the  response  produced  by  the  actual  event. 

F-106B:  Examples  of  comparisons  for  the  F-106B  are 
shown  in  Figs.  10.30  through  10.33.  Of  particular 
interest  in  the  comparisons  is  the  double  pulse  charac¬ 
ter  shown  in  Figs.  10.30,  10.31  and  10.33.  Thiscorre- 
sponds  to  an  air  breakdown  at  two  different  places,  but 
at  different  times.  This  is  the  same  type  of  phenome¬ 
non  observed  during  acual  triggered  lightning  events. 
The  first  pulse  corresponds  to  the  initial  breakdown 
(usually  at  the  nose  boom)  and  the  second  pulse  oc¬ 
curs  elsewhere  as  charge  flows  onto  the  aircraft  and 
raises  the  electric  field  strength  elsewhere. 

C-S80:  Results  have  also  been  obtained  for  the  CV- 
580  response.  A  limited  study  (10.32]  to  define  such 
an  environment  was  done  for  the  strike  previously  dis¬ 
cussed  in  §10.8.  It  is  known  that  this  strike  attached 
to  the  right  wing  and  that  it  was  most  probably  a  trig¬ 
gered  flash.  With  this  information,  the  ambient  field 
and  the  charge  on  the  aircraft  were  adjusted  so  that 


breakdown  occurred  on  the  right  wing.  This  required 
the  ambient  field  to  be  oriented  wing  to  wing. 


Fig.  10.30  Calculated  and  measured  response  of 
F-106B  to  triggered  lightning 
longitudinal  B-dot  sensor. 

(a)  Calculated 

-  2  x  10®  V/m  ambient  electric  field 

-  oriented  nose  to  tail 
*  1.35  mC  net  charge 

(b)  Measured  -  Flight  82-038,  Run  7 


Figs.  10.34  through  10.37  show  calculated  and 
measured  results  for  the  CV-580.  These  were  calcu¬ 
lated  for  an  ambient  field  of  50  kV/m,  net  charge  of 
1.35/xC  on  the  aircraft  and  a  relative  air  density  of  0.5. 
The  agreement  is  quite  good,  about  the  same  quality 
as  for  the  F-106B. 


10.10  Aircraft  resonances 


Traveling  Waves:  Waves  traveling  on  a  conductor  en¬ 
counter  a  surge  impedance  given  by  the  inductance 
and  capacitance  of  the  conductor, 

Z  “  (“•»> 
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(a)  0  .76  ys 


Fig.  10.31  Calculated  and  measured  response  of 
F-106B  to  triggered  lightning. 

•  longitudinal  B-dot  sensor, 

(a)  Calculated 

-  6.4  x  10s  V/m  ambient  electric  field 

-  oriented  bottom  to  top 

-  -1.35  mC  net  charge 

(b)  Measured  -  Flight  82-038,  Run  5 


(b)  0  .60  ys 

Fig.  10.32  Calculated  and  measured  response  of 
F-106B  to  triggered  lightning. 

•  forward  D-sensor. 

(a)  Calculated 

•  1.99  x  10s  V/m  ambient  electric  field 
-  oriented  nose  to  tail 

•  aero  mC  net  charge 

(b)  Measured  *  Flight  82-024,  Run  13 


(b)  0  .76  U» 


Fig.  10.33  Calculated  and  measured  response  of  F-106B  to  triggered  lightning. 

-  longitudinal  B-dot  sensor. 

(a)  Calculated 

-  6.4  x  10*  V/m  ambient  electric  field 
•  oriented  bottom  to  top 

-  1.35  mC  net  charge 

(b)  Measured  >  Flight  82-038,  Run  3 
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For  a  conductor  in  air  the  impedance  will  be  in  the 
range  300  -  500  ohms.  If  the  wave  encounters  another 
conductor  of  different  impedance  part  of  the  wave  will 
be  transmitted  onto  the  other  conductor  and  part  will 
be  reflected  back  along  the  conductor  on  which  the 
incident  wave  was  traveling.  The  magnitudes  of  the 
transmitted  and  incident  waves  are  given  by  the  rela¬ 
tive  surge  impedances  of  the  two  conductors,  the  rele¬ 
vant  equations  being  given  on  Fig.  10.38.  If  the  wave 
on  the  second  conductor  encounters  a  third  conduc¬ 
tor  there  will  be  produced  a  second  set  of  transmitted 
and  reflected  waves.  The  reflected  waves  on  the  sec¬ 
ond  conductor  travel  back  towards  the  source,  again 


encounter  a  change  in  impedance  and  set  up  a  third 
set  of  traveling  waves.  The  process  repeats  until  all  the 
energy  is  radiated  away  or  lost  in  the  resistance  of  the 
conductor.  The  result  is  that  an  oscillatory  wave  is  de¬ 
veloped  on  the  second  conductor,  the  frequency  of  the 
oscillation  being  given  by  length  of  the  second  conduc¬ 
tor,  or  more  properly,  by  its  electrical  travel  time.  For 
a  conductor  in  air,  where  the  velocity  of  propagation 
is  3  x  108  m/s,  the  ringing  frequency  would  be 


where  /  is  the  length  in  meters. 


Fig.  10.34  Calculated  and  measured  response  of  CV-580  to  triggered  lightning. 

(a)  Right  wing  D-dot  sensor  -  calculated 

(b)  Right  wing  D-dot  sensor  -  measured 

(c)  Left  wing  D-dot  sensor  -  calculated 

(d)  Left  wing  D-dot  sensor  -  measured 

Measured  •  solid,  Calculated  -  dotted 


398 


Fig.  10.35  Calculated  and  measured  response  of  CV-580  to  triggered  lightning. 

(a)  Vertical  stabiliser  0-dot  sensor  -  calculated 

(b)  Vertical  stabiliser  D-dot  sensor  -  measured 

(c)  Forward  fuselage  B-dot  sensor  -  calculated 

(d)  Forward  fuselage  B-dot  sensor  -  measured 


The  nature  of  the  oscillation 
is  also  influenced  by  the  shape  of  the  incident  wave. 
Fig.  10.30  shows  the  character  of  the  waves  for  two 
different  shapes  of  incident  current,  the  geometry  of 
the  situation  being  shown  an  Fig.  10.39(a).  There  are 
two  significant  points  about  the  figure;  the  first  be¬ 
ing  that  the  input  and  output  currents  have  different 
waveshapes  and  both  are  different  from  the  current  at 
the  miter  of  the  second  conductor.  The  second  point 


is  that  the  oscillation  on  the  second  conductor  is  more 
pronounced  for  the  foster  incident  current.  If  the  inci¬ 
dent  current  had  a  sufficiently  slow  rise  time  the  oscil¬ 
lations  on  the  conductor  would  became  insignificant. 
Although  not  illut  , rated,  the  nature  of  the  oscillations 
is  also  influenced  by  the  relative  surge  impedances  of 
the  conductors,  the  more  nearly  equal  the  impedances 
the  1ms  pronounced  the  oscillations. 
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1.10 


Fig.  10.36  Calculated  and  measured  response  of  CV-580  to  triggered  lightning. 

(a)  Aft  fuselage  D-dot  sensor  -  calculated 

(b)  Aft  fuselage  D-dot  sensor  -  measured 

(c)  Right  wing  B-dot  sensor  -  calculated 

(d)  Right  wing  B-dot  sensor  -  measured 


lattice  diagrams:  The  nature  of  the  oscillations  can 
be  calculated  graphically  by  the  lattice  diagrams  de¬ 
scribed  in  the  literature  [10.57,  10.58)  or  by  time  do¬ 
main  computer  routines  capable  of  representing  dis¬ 
tributed  constant  transmission  lines  [10.59  and  10.60). 

Oscillation  modes  on  aircraft:  Similar  oscillations  can 
be  excited  on  aircraft,  though  the  nature  of  the  oscil¬ 
lations  are  more  complex.  One  reason  is  that  there 
are  several  modes  of  oscillation  that  can  be  excited, 
such  as  nose  to  tail  and  wing  to  wing.  The  modes  are 


not  independent  of  each  other  either.  For  example, 
a  wave  traveling  nose  to  tail  would  have  two  compo¬ 
nents  as  shown  on  Fig.  10.40;  one  that  propagated 
back  and  forth  along  the  fuselage  and  one  that  crept 
along  the  wings.  Speaking  broadly  though,  the  ring¬ 
ing  frequencies  will  be  given  by  the  length  of  the  path 
involved.  An  aircraft  with  a  nose  to  tail  length  of  20 
meters  would  have  a  ringing  frequency  about  5  Mhz. 
The  actual  ringing  frequencies  can  be  determined  by 
test  or  can  be  calculated  by  the  two  and  three  dimen¬ 
sional  time  domain  analytical  techniques  described  in 
the  preceeding  sections. 
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Fig.  10.37  Calculated  and  measured  response  of  CV-580  to  triggered  lightning. 

(a)  Left  wing  B-dot  sensor  -  calculated 

(b)  Left  wing  B-dot  sensor  -  measured 

(c)  Right  wing  current  -  calculated 

(d)  Right  wing  rate  of  change  of  current  -  calculated 


Significant*  of  oscillations:  Aircraft  resonances  are 
important  in  that  they  are  one  of  the  factors  governing 
the  ringing  frequencies  of  the  transients  excited  in  air¬ 
craft  wiring.  If  the  aircraft  ringing  frequency  happened 
to  coincide  with  the  ringing  frequency  of  a  wiring  har¬ 
ness  there  would  be  the  possibility  of  more  efficient 
coupling  of  energy  from  the  exterior  of  the  aircraft  to 
the  internal  wiring.  The  natural  ringing  frequency  of 
the  wiring  harness,  though  is  given  more  by  the  phys¬ 


ical  length  of  the  harness  than  by  the  length  of  the 
aircraft.  There  is  some  correlation  between  the  gen¬ 
eral  nature  of  the  aircraft  ringing  frequencies  and  the 
ringing  frequencies  of  the  transients  typically  induced 
on  aircraft  wiring;  transients  induced  in  small  aircraft 
tend  to  ring  at  higher  frequencies  than  do  transients 
induced  in  larg2  aircraft.  Partly  this  would  occur  be¬ 
cause  wiring  harnesses  in  small  aircraft  naturally  tend 
to  be  shorter  than  wiring  harnesses  in  large  aircraft. 
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Fig.  10.38  Transmitted  and  reflected  waves 
at  a  junction. 


Resonances  with  NEMP:  Considerable  attention  is 
given  to  aircraft  resonance  frequencies  in  NEMP  stud¬ 
ies,  partly  because  of  the  fast  risetime  of  EMP  fields 
and  also  because  the  aircraft  is  isolated  in  space  and 
the  induced  oscillations  are  damped  only  by  resistance 
and  by  re-radiation  from  the  aircraft. 

Rasonances  with  lightning:  The  nature  and  impor¬ 
tance  of  aircraft  oscillations  is  less  clear  in  the  case  of 
lightning.  Part  of  the  reason  is  that  the  oscillations 
are  damped  by  the  attached  conducting  arc  channel. 
Calculation  of  the  effects  is  difficult  because  the  im¬ 
pedance  of  the  arc  channel  is  not  constant;  it  changes 
with  time  and  with  the  amount  of  current  flowing  in 
the  arc.  An  impedance  of  3000  ohms,  as  used  in  Fig. 
10.39  to  illustrated  traveling  waves,  might  be  represen¬ 
tative  of  the  period  that  a  triggered  lightning  streamer 
is  first  developing  from  an  aircraft,  though  perhaps  not 
of  the  impedance  of  a  fully  developed  lightning  arc,  as 
it  would  be  during  the  passage  of  a  return  stroke  cur¬ 
rent. 


1  in  l  center  I  out 


300  n 


3000  n 


44  ns  -»J 
1  =  40  ft 


(b)  (c) 


Fig.  10.39  Currents  at  various  points  on  a  conductor  system. 

(a)  Geometry 

(b)  Waves  excited  by  a  10  ns  front  time 

(c)  Waves  excited  by  a  0.5  us  front  time 
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Fig.  10.40  Alternate  paths  for  a 
nose-to-tail  oscillation. 

Significance  of  triggered  lightning:  Current  pulses 
associated  with  the  initial  development  of  a  triggered 
lightning  flash  are  believed  to  have  fast  rise  times.  If 
so,  and  if  the  impedances  shown  on  Fig.  10.39  are 
representive  of  the  impedance  of  a  developing  light¬ 
ning  leader,  then  the  oscillations  shown  might  be  rep¬ 
resentative  of  what  would  be  produced  by  a  triggered 
lightning  flash. 

In  view  of  the  uncertainties  associated  with  the 
impedance  of  a  lightning  arc,  it  may  be  appropriate  to 
view  with  caution  calculations  of  the  interaction  of  an 
aircraft  with  a  lightning  channel. 

Resonances  with  LTA  studies:  One  place  where  the 
oscillations  associated  with  current  waves  traveling 
back  and  forth  on  an  aircraft  are  important  is  dur¬ 
ing  Lightning  Transient  Analysis  (LTA)  tests  of  an 
aircraft  to  determine,  by  measurement,  the  voltages 
induced  on  aircraft  wiring.  Interactions  between  the 
aircraft  and  the  test  circuit  govern  the  waveshape  of 
the  current  that  can  be  injected  into  the  aircraft.  The 
oscillations  are  also  such  that  the  current  on  differ¬ 
ent  portions  of  the  aircraft  may  be  different  and  also 
different  from  the  current  measured  as  being  injected 
into  the  aircraft.  The  matter  is  discussed  further  in 
Chapter  13. 

10.11  Composite  Aircraft 

The  emphasis  in  the  preceeding  sections  has  been 
on  metal  aircraft  which,  as  far  as  ihe  external  electro¬ 
magnetic  field  distribution  goes,  can  usually  be  accu¬ 
rately  modeled  as  perfectly  conducting.  The  distribu¬ 
tion  of  current  does  change  from  an  initial  state  gov¬ 
erned  by  magnetic  fields  effect  to  a  final  distribution 
governed  by  resistance,  but  the  time  scale  over  which 
the  redistribution  takes  place  is  long  compared  to  the 
duration  of  lightning  currents.  The  factors  governing 
redistribution  are  discussed  in  more  detail  in  Chap¬ 


ter  11.  Some  aircraft,  however,  can  have  significant 
amounts  of  carbon  fiber  composite  (CFC)  material, 
which  are  three  orders  of  magnitude  less  conductive 
than  aluminum.  For  structures  which  consist  of  a  mix¬ 
ture  of  metal  and  composites,  the  redistribution  takes 
place  much  more  rapidly  than  on  a  metal  aircraft  and 
as  a  result  the  external  current  distribution  and  the  in¬ 
ternal  coupling  cannot  be  considered  as  distinct  issues. 
Current  penetrates  to  the  interior  of  such  aircraft  on 
a  time  scale  which  is  about  the  same  as  the  duration 
of  lightning  currents.  As  a  result,  voltages  coupled  to 
internal  circuits  of  CFC  aircraft  have  higher  magni¬ 
tudes  and  have  more  of  a  resistive  component  than  do 
voltages  on  metal  aircraft. 

The  external  current  flow  patterns  and  redistri¬ 
bution  can  be  accounted  for  both  in  the  simple  2D 
models  discussed  in  §10.7.1  and  in  the  more  complex 
3D  models. 

10.11.1  Implementation  in  2D  Cylindrical 
Models 

Implementation  of  redistribution  in  the  wire  fila¬ 
ment  models  discuased  in  §10.5.3  is  rather  straightfor¬ 
ward.  At  sufficiently  low  frequencies,  defined  as  oc¬ 
curring  when  the  skin  depth  is  on  the  order  of  the 
skin  thickness,  a  filamentary  model  such  as  shown  in 
Fig.  10.12  and  10.13  can  account  for  the  resistivity  by 
inserting  appropriate  resistors  in  series  with  the  induc¬ 
tors.  The  value  of  the  resist  r  is  that  appropriate  to 
the  volume  of  the  skin  associated  with  each  filament. 

The  resultant  model  would  look  like  that  of  Fig. 
10.13.  Such  circuits  can  be  solved  by  a  variety  of 
network  codes;  examples  being  SPICE,  SCEPTRE, 
ECAP  and  EMTP. 

10.11.2  Implementation  m  3D  Models 

Current  redistribution  can  be  included  in  both  the 
finite  difference  time  domain  techniques  and  in  the  in¬ 
tegral  equation  approaches. 

The  basic  concepts  of  interest  are  the  surface  im¬ 
pedance,  Z,( u>)  and  the  transfer  impedance  Zt(u>). 
These  are  discussed  in  detail  in  Chapter  11. 

The  3D  time  domain  finite  difference  method  re¬ 
quires  a  temporal  representation.  In  Chapter  11,  it  is 
shown  that  Z,(u>)  becomes  an  infinite  series  of  convo¬ 
lutions  in  the  time  domain.  These  can  be  implemented 
in  the  3DFD  code  in  a  straightforward  manner  (10.%]. 
The  number  of  terms  required  is  not  large  and  also  de¬ 
creases  with  time. 

It  is  also  possible  to  include  Z,(u)  in  integral 
equation  codes.  Fbr  example,  in  a  wire  grid  code,  one 
can  insert  discrete  equivalent  impedances  in  the  wires. 
These  impedances  are  determined  in  such  a  way  that 
the  aggregate  effect  of  the  thin  wire  is  to  represent  the 
actual  surface  impedance. 
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Chapter  11 


THE  INTERNAL  FIELDS  COUPLED  BY  DIFFUSION  AND  REDISTRIBUTION 


11.1  Introduction 

Lightning  currents  and  electromagnetic  fields  on 
the  outside  of  the  aircraft  couple  to  the  inside  tlirough 
apertures  and  by  the  processes  of  diffusion  and  re¬ 
distribution.  Speaking  in  broad  generalities,  coupling 
through  apertures,  which  is  the  subject  of  Chapter  12, 
is  a  high  frequency  mechanism,  while  coupling  through 
diffusion  and  redistribution,  the  subjects  of  this  chap¬ 
ter,  are  low  frequency  mechanisms.  Diffusion  refers  to 
the  process  by  which  electric  and  magnetic  fields  pen¬ 
etrate  through  conducting  materials.  Redistribution 
refers  to  the  process  by  which  the  overall  pattern  of 
current  flow  changes  from  an  initial  state  where  the 
distribution  is  controlled  by  magnetic  fields  to  a  final 
state  where  it  is  controlled  by  resistance.  The  fac¬ 
tors  that  affect  diffusion  find  redistribution  on  metal 
structures  are  the  same  factors  that  affect  the  electro¬ 
magnetic  shielding  of  such  structures,  though  it  might 
be  better  to  say  that  diffusion  and  redistribution  are 
the  mechanisms  by  which  electromagnetic  shielding  is 
obtained. 

In  the  context  of  this  document,  diffusion  primar¬ 
ily  relates  to  the  process  by  which  electric  fields  build 
up  on  the  inner  surfaces  of  an  aircraft  in  response  to 
the  external  electric  and  magnetic  fields  produced  by 
lightning.  In  the  most  elementary  terms  electric  fields 
produced  by  diffusion  can  be  thought  of  as  those  pro¬ 
duced  by  passage  of  lightning  current  through  the  re¬ 
sistance  of  the  aircraft,  but  a  more  thorough  discussion 
can  be  made  in  terms  of  surface  and  transfer  imped¬ 
ances,  subjects  that  were  introduced  in  Chapter  9. 

Although  these  concepts  apply  to  metal  aircraft, 
they  are  especially  significant  for  carbon  fiber  com¬ 
posite  (CFC)  aircraft;  aircraft  which  are  in  reality  a 
mixture  of  metal  and  CFC  materials.  This  is  because 
CFC  materials  have  conductivities  about  three  orders 
of  magnitude  less  than  that  of  aluminum.  If  lightning 
strikes  such  an  aircraft,  the  early  time  (or  high  fre¬ 
quency)  parts  of  the  lightning  current  will  distribute 
in  the  same  manner  as  they  would  on  an  all  metal  air¬ 
craft.  The  late  time  (or  low  frequency)  components, 
however,  will  distribute  according  to  the  resistance  of 
the  structural  parts  and  there  will  be  much  more  cur¬ 
rent  on  the  inner  structure  of  a  CFC  aircraft  than  there 
would  be  on  a  comparable  all  metal  aircraft. 


Another  way  of  viewing  the  subject  is  that  a  CFC 
aircraft  will  be  much  less  effective  at  providing  elec¬ 
tromagnetic  shielding  than  an  all  metal  aircraft.  Mag¬ 
netic  field  shielding  that  might  be  inherent  to,  and 
taken  for  granted,  on  an  all  metal  aircraft  may  have 
to  be  intentionally  provided  on  a  CFC  aircraft,  usu¬ 
ally  with  an  unfavorable  impact  on  program  costs  and 
weight. 

In  the  sections  that  follow,  internal  and  external 
electromagnetic  fields  are  first  discussed  so  as  to  dif¬ 
ferentiate  somewhat  between  concepts  used  for  light¬ 
ning  interactions  and  classical  electromagnetic  shield¬ 
ing  problems.  Concepts  of  circuit  voltage  are  then  dis¬ 
cussed,  first  for  a  circular  cylinder  where  only  diffusion 
effects  are  encountered  and  then  in  terms  of  elliptical 
cylinders  where  redistribution  effects  must  be  consid¬ 
ered.  This  portion  will  also  include  a  discussion  of  the 
processes  by  which  external  current,  produces  magnetic 
fields  inside  cavities,  such  as  equipment  bays.  Redistri¬ 
bution  effects  are  then  illustrated  for  the  more  complex 
structures  where  recourse  must  be  made  to  numerical 
analysis  techniques. 

11.2  Internal  vs.  External  Fields 

Fig.  11.1  shows  a  metal  sheet  which  defines  an 
interior  volume.  For  these  discussions  the  sheet  can 
be  considered  either  as  flat  and  of  infinite  extent  or 
closed  and  having  a  radius  of  curvature  large  com¬ 
pared  to  the  thickness  of  the  sheet.  On  the  outside 
of  the  sheet  an  electromagnetic  field  is  impressed,  this 
being  associated  with  a  current  flowing  in  the  sheet. 
Some  portion  of  the  external  electromagnetic  field  will 
penetrate  through  the  sheet  and  couple  to  the  interior 
volume  defined  by  the  sheet.  Five  regions  important 
to  the  interaction  problem  can  be  defined:  (a)  the  ex¬ 
ternal  region,  (b)  the  external  surface  (*  =  0),  (c)  the 
interior  of  the  sheet,  (d)  the  internal  surface  (z  ==  d) 
and  (e)  the  internal  volume.  Regions  (a)  and  (b)  are 
the  main  ones  involved  in  the  interaction  between  the 
sheet  and  any  impinging  electromagnetic  field.  Re¬ 
gions  (b),  (c)  and  (d)  are  involved  in  the  way  that  the 
fields  penetrate  the  sheet  while  regions  d  and  e  are  in¬ 
volved  in  the  way  that  fields  build  up  in  the  interior 
volume. 
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Fig.  11.1  A  plane  wave  incident  upon 
a  shielding  surface. 

The  penetration  of  fields  to  the  interior  is  of¬ 
ten  discussed  in  terms  of  “shielding  effectiveness”,  but 
there  are  two  different  ways  that  the  external  electro¬ 
magnetic  fields  may  be  visualized.  They  can  give  rise 
to  two  very  different  measures  of  the  “shielding  effec¬ 
tiveness”  of  a  structure. 

11.2.1  Impinging  Electromagnetic  Field 

In  the  most  common  treatment  of  electromagnetic 
shielding  the  field  at  the  surface,  region  (b)  above, 
is  taken  to  be  produced  by  some  external  source  in 
region  (a)  that  causes  a  field  to  propagate  in  a  for¬ 
ward  direction  toward  the  surface.  When  the  incident 
field  arrives  at  the  surface  it  is  partially  reflected  and 
the  reflected  wave  propagates  back  away  from  the  sur¬ 
face.  The  sum  of  the  incident  and  reflected  waves, 
with  proper  regard  for  polarity,  is  what  appears  at  the 
surface.  If  the  sheet  were  a  perfect  conductor,  the  po¬ 
larities  of  the  incident  and  reflected  waves  would  be 
such  that  the  resultant  magnetic  field  would  be  tan¬ 
gential  to  the  surface  and  the  resultant  electric  field 
would  be  normal  to  the  surface. 

The  magnitude  of  the  resultant  field  would  de¬ 
pend  on  the  shape  of  the  conducting  sheet  and  its  ori¬ 
entation  toward  the  incoming  wave.  With  a  fiat  con¬ 
ductor  of  infinite  extent  and  oriented  broadside  to  the 
incoming  wave,  the  tangential  magnetic  field  would  be 
double  that  of  the  incoming  field  and  the  electric  field 
would  become  zero.  For  other  angles  of  incidence  the 
magnetic  field  would  be  less  than  double  and  a  radial 
electric  field  would  be  developed.  For  curved  surfaces 
the  fields  that  develop  at  the  surface  might  be  several 
times  the  magnitude  of  the  incoming  field. 


Shielding  effectiveness:  For  an  impinging  field,  the 
“shielding  effectiveness”  is  usually  taken  to  be  the  ratio 
of  the  external  impinging  magnetic  field  to  the  internal 
magnetic  field,  expressed  as 


SE  =  20  log 


H, 

Hi 


dB. 


(11.1) 


An  effectiveness  of  shielding  against  electric  fields 
could  similarly  be  defined,  though  usually  shielding 
against  electric  fields  is  an  easier  task  than  shielding 
against  magnetic  fields.  The  impinging  magnetic  or 
electric  field  is  that  which  would  exist  in  the  absence 
of  the  sheet,  and  should  not  be  confused  with  that 
which  appears  at  the  surface  of  the  sheet. 

The  shielding  effectiveness  can  be  taken  to  have 
three  components;  one  due  to  reflection  at  the  surface, 
one  due  to  transmission  of  the  field  through  the  sheet 
and  one  due  to  the  way  that  the  fields  build  up  on  the 
internal  volume.  As  defined  in  Eq.  11.1,  the  “shielding 
effectiveness”  is  largely  determined  by  how  well  the 
surface  reflects  the  incident  electromagnetic  field. 


11.2.2  Impinging  Current 


In  many  lightning  interaction  problems,  however, 
the  magnetic  field  at  the  surface  is  the  result  of  in¬ 
jecting  current  into  a  structure  and  can  be  determined 
directly  from  the  current  density.  The  shielding  effec¬ 
tiveness  is  best  defined  in  terms  of  the  magnetic  field 
that  appears  at  the  surface. 


SE  =  20  log 


dB. 


(11.2) 


This  definition  of  shielding  effectiveness  treats 
only  how  the  fields  propagate  through  the  sheet  and 
how  they  couple  to  the  interior  volume.  There  will 
be  an  external  field  produced  by  the  current,  but  any 
discussion  of  incident  and  reflected  waves  would  be 
a  roundabout  way  of  determining  the  external  field. 
Since  the  current  is  the  independent  variable  which 
produces  the  external  field  there  is  no  “surface  reflec¬ 
tion  factor”  to  include  in  the  shielding  effectiveness. 
The  result  is  that  the  “shielding  effectiveness”  has  a 
lower  value  than  in  the  case  where  the  current  is  pro¬ 
duced  by  an  impinging  field. 


11.3  Diffusion  Effects 


The  way  that  diffusion  influences  voltage  on  elec¬ 
trical  circuits  will  first  be  illustrated  for  circular  cylin¬ 
ders;  partly  because  the  effects  are  easiest  to  analyze 
and  partly  because  cylindrical  geometries  are  often  en¬ 
countered  in  lightning  interaction  problems. 
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11.3.1  DC  Voltage  on  Circular  Cylinders 


APOiNTONTHf 

MNCRWAU 


Consider  Fig.  11.2  in  which  a  current,  7,  is  en¬ 
tering  a  circular  cylinder.  The  cylinder  is  considered 
long  compared  to  other  dimensions,  so  that  there  are 
no  end  effects,  but  short  compared  to  the  electrical 
wavelength  of  any  of  the  frequency  components  of  the 
current  7.  The  return  path  for  the  current  is  not 
shown,  but  it  is  assumed  to  be  sufficiently  far  away 
from  the  cylinder  that  there  are  no  proximity  effects. 
Also  shown  are  two  conductors,  one  external  (1)  and 
one  internal  (2)  to  the  cylinder.  These  are  connected 
to  an  end  cap  considered  sufficiently  massive  that  no 
electromagnetic  fields  penetrate  the  cap.  At  the  other 
end  of  the  cylinder  are  shown  two  voltages;  Vj  mea¬ 
sured  from  conductor  1  to  the  external  surface  of  the 
cylinder,  and  Vj  measured  from  conductor  2  to  the 
inner  surface  of  the  cylinder. 


DC  resistance:  The  cylinder  will  have  a  dc  resistance 


where 


R  =  ei  =  .fL. 

A  2nra 


(11.3) 


p  —  resistivity 
i  —  length 

A  =  cross  sectional  area 
r  =  radius 

a  —  thickness  (a  <.  r) . 

If  the  cylinder  has  the  following  dimensions  and 
is  made  from  aluminum  of  the  indicated  resistivity, 


Fig.  11.2  Magnetic  fields  around  a 
circular  cylinder. 

(a)  Geometry 

(b)  Field  intensity  vs  radius 
(for  I  =  116  A) 

tential  (Chapter  9,  §9.6.2)  around  the  path  ABCD 
of  Fig.  11.2.  The  voltage  will  have  two  components; 
a  magnetically  induced  voltage  due  to  the  changing 
magnetic  flux  passing  through  the  loop  ABCD  and  a 
voltage  due  to  the  surface  impedance  along  the  path 
CD.  For  dc,  that  surface  impedance  reduces  to  the  dc 
resistance  discussed  above. 


(  =  2  m 
r  =  15.7  cm 
a  =  0.381  mm(0.015") 
p  =  2.69  x  1(T8  fl  m 

then  the  dc  resistance,  R,  will  be  1.43  x  10“*  ohms. 

If  the  input  current  is  116  A  (a  value  chosen  be¬ 
cause  it  was  used  in  an  experimental  verification  of  the 
concepts),  a  voltage 

e  =  IR  =  116  x  1.43  x  10“4  =  0.0166  V  (11.4) 

will  be  developed  along  the  cylinder  and  this  same  volt¬ 
age  rise  would  be  measured  by  a  conductor  external  to 
the  cylinder  or  by  one  internal  to  the  cylinder. 


11.3.2  External  Voltage  on  Circular 
Cylinders 

External  to  the  cylinder  the  flow  of  current  sets 
up  a  magnetic  field  of  intensity 


where 

7  =  current 
r  =  radius 
H  —  field  strength. 


Transient  conditions:  Until  steady  state  conditions 
have  been  established,  V]  will  not  be  equal  to  Vj, 
and  neither  of  them  will  be  equal  to  the  steady  state 
dc  resistance  voltage  rise.  Consider  first  voltage  Vj , 
which  can  be  considered  as  the  line  integral  of  po¬ 


having  a  pattern  as  shown  in  Fig.  11.2(b).  The  mag¬ 
netically  induced  component  of  Vj  will  then  be: 

V,  .g  =„.*<!<*  (2)".  (..,6) 
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while  4>,  the  flux  passing  through  the  loop  ABCD,  is 
represented  by  the  shaded  area  of  Fig.  11.2(b).  The 
flux,  <j>,  would  be  measured  in  webers.  Remembering 
that 

Ho  =  4?r  x  10-7  A/m,  (11.7) 

V)  becomes 

V,=2xl0-7flog^|.  (11.8) 

If  r2  is  31.4  cm  and  the  indicated  current  of  116  A  in 
Fig.  11.3  reaches  crest  in  an  equivalent  time  of  0.25  fis, 
V)  will  then  reach  an  initial  voltage  of  129  V.  As  steady- 
state  conditions  are  reached  and  the  external  magnetic 
field  ceases  to  change  with  time,  V)  will  decay  to  its 
steady  state  value  of  0.0166  V. 

Influence  of  skin  effect:  This  analysis  ignores  the 
skin  effect,  a  phenomenon  that  causes  the  surface  im¬ 
pedance  to  be  higher  for  alternating  currents  or  tran¬ 
sients  than  it  is  for  dc.  Surface  impedance  will  be 
discussed  further  in  §11.3.4,  but  for  external  circuits 
the  increased  resistance  resulting  from  skin  effect  will 
be  of  little  consequence  compared  to  the  much  larger 
voltage  induced  by  the  changing  magnetic  field. 

Example  of  external  conductors:  While  conductors 
external  to  a  current  carrying  cylinder,  such  as  an  air¬ 
craft  fuselage,  are  not  common,  they  are  not  unknown. 
An  example  might  be  the  cables  on  a  missile  or  rocket 
that  run  between  a  control  assembly  in  the  nose  and 
the  engine  controls  at  the  tail.  Of  necessity,  such  cables 
must  run,  as  shown  in  Fig.  11.4,  external  to  the  fuel 
and  oxidizer  tanks.  If  the  cables  are  not  in  a  shielded 
cable  tunnel,  they  will  be  exposed  to  the  external  mag¬ 
netic  field. 

Simplified  expression:  If  the  spacing  between  the 
wires  and  the  surfaces  of  the  vehicle  is  not  large,  Eq. 
11.8  may  be  somewhat  simplified,  since  the  magnetic 
flux  density  does  not  vary  greatly  with  distance  away 
from  the  surface  of  the  vehicle  and  may  be  considered 
uniform. 


Fig.  11.3  External  voltage  (not  to  scale). 


11.3.3  Internal  Voltage  on  Circular 
Cylinders 

Let  us  now  consider  the  conditions  internal  to  the 
cylinder.  As  with  the  external  voltage,  the  voltage  Vj 
of  Fig.  11.5  can  be  defined  as  the  line  integral  of  po¬ 
tential  around  a  complete  path;  the  path  ABCD  being 
the  most  appropriate.  The  voltage  will  again  have  two 
components,  one  due  to  the  changing  magnetic  field 
passing  through  the  loop  ABCD  and  one  due  to  the 
flow  of  current  around  that  path.  Conditions  inside  the 
cylinder,  however,  will  be  very  different  from  those  on 
the  outside. 

First  of  all,  the  magnetic  field  internal  to  the  in¬ 
ner  surface  of  the  cylinder  will  be  zero,  as  explained  in 
Chapter  9,  §9.7.2.  If  there  is  no  magnetic  field,  there 
will  be  no  magnetically  induced  voltage.  Any  voltage 
will  be  due  to  the  flow  of  current  through  the  resis¬ 
tance  of  the  various  portions  of  the  circuit.  There  will 
be  no  voltage  along  the  path  BC  since  we  have  as¬ 
sumed  a  perfect  conductor  for  the  end  cop  and  there 
will  be  no  resistive  voltage  along  the  path  CD  since 
we  have  assumed  an  open  circuit  between  points  A  and 
D ,  which  implies  no  current  along  CD.  Any  voltage 
must  be  due  to  the  resistive  rise  along  the  path  AB. 


Fig.  11.5  Factors  governing  the 
internal  voltage. 

(a)  Geometry  and  decaying 
eddy  currents 

(b)  Current  density  at  different 
times 


Frequency  domain  formulation:  Exact  expressions  for 
surface  and  transfer  impedance  of  a  flat  sheet  were 
given  in  Chapter  9,  but  for  most  all  cases  of  practical 
interest  simplified  expressions  [11.3]  are  sufficiently  ac¬ 
curate. 


Za( w)  =  — -  coth (jkmd) 

Cf 

7I  ,s_  fcm/g 
Z,{  ’  sin (kmd) 

where 

km  **  ~  MUfiaa)1*2 

and 


(11.10) 

(11.11) 


(11.12) 


d  =  thickness 
a  —  conductivity. 

While  Eqs.  11.10  and  11.11  can  be  readily  eval¬ 
uated  in  the  frequency  domain,  it  is  sometimes  help¬ 
ful  to  use  series  formulations.  This  can  be  done  by 
expressing  the  coth(r)  and  sin(  x )  functions  by  their 
series  expansions. 


Causa  of  skin  offset:  The  voltage  rise  along  the  inter¬ 
nal  path  AB  of  Fig.  11.5  will  be  completely  different 
from  the  voltage  rise  along  the  path  CD  of  Fig.  11.2. 
This  is  because  the  phenomenon  of  skin  effect  delays 
the  buildup  of  current  on  the  inner  surface  of  the  cylin¬ 
der.  The  origin  of  the  skin  effect  phenomenon  is  shown 
in  Fig.  11.5.  If  a  magnetic  field  line  is  assumed  to  be 
suddenly  established  internal  to  the  wall  of  the  con¬ 
ducting  cylinder,  there  will  be  induced  eddy  currents 
circulating  around  that  field  line.  These  eddy  currents 
will  induce  a  magnetic  field  of  their  own  of  polarity 
opposite  to  that  set  up  by  the  external  magnetic  field. 
Only  as  the  eddy  currents  decay  will  the  magnetic  field 
penetrate  the  wall  of  the  cylinder. 

FUrther  analysis  of  the  resistiveiy  generated  volt¬ 
ages  requires  a  discussion  of  surface  and  transfer  im¬ 
pedances. 

11.3.4  Surface  and  Transfer  Impedances 

The  surface  impedance  Z„  is  tire  ratio  of  the  elec¬ 
tric  field  on  the  external  surface  to  the  current  density 
on  the  external  surface,  while  the  transfer  impedance, 
Zt,  is  the  ratio  of  the  electric  field  on  the  internal  sur¬ 
face  to  the  current  density  on  the  external  surface. 
Formulations  can  be  given  in  either  th?  frequency  or 
the  time  domain. 


cmw.)-j  +  £ 

»•] 

(11.13) 

*■) -*fi(i 

•ml  v  ' 

(11.14) 

Substituting  these  expressions  into  Eqs.  11.10  and 

11.11  gives 

ad  \aa)  ^  w„  +  }u) 

(11.15) 

(11.16) 

where 


“•  -  (lu7> 

These  formulations  (II. I)  are  applicable  to  fiat 
sheets  or  to  sheets  having  a  radius  of  curvature  large 
compared  to  the  thickness  of  the  sheet.  For  conditions 
where  this  is  not  so,  applicable  formulas  are  given  in 
Chapter  9. 


311 


Variation  with  frequency:  Figs.  11.6(a)  and  11.6(b) 
show  how  these  impedances  vary  with  frequency.  Fig. 
11.6(a)  relates  to  a  carbon  fiber  composite  (CFC)  sheet 
0.25  inches  (6.35  mm)  thick  and  having  a  resistivity 
5  x  10“®  ohm-meters,  a  resistivity  typical  of  CFC  ma¬ 
terials,  while  Fig.  11.6(b)  relates  to  an  aluminum  sheet 
0.05  inches  (1.27  mm)  thick  and  having  a  resistivity  of 
(p  =  2.69  x  10-8  ohm-meters) 

Inspection  of  the  equations  and  the  figures  show 
that  at  low  frequencies  both  impedances  reduce  to  a 
dc  value 


*•  -  z-  -  h-  <1118> 

This  low  frequency  or  dc  value  has  the  units  of  ohms, 
but  is  generally  specified  as  “ohms  per  square”,  that 
is,  the  impedance  between  opposite  sides  of  a  square 
of  any  size. 

At  higher  frequencies  the  surface  impedance  rises 
and  the  transfer  resistance  falls.  In  the  limit,  the  sur¬ 
face  impedance  approaches  the  value 


An  alternative  formulation  is 

*-'-7T  (U'20) 

where  the  6  is  the  skin  depth  as  defined  in  §9.4.5  by 
Eqs.  9.22  and  9.23. 

The  surface  impedance  thus  approaches  the  in¬ 
trinsic  impedance  of  the  material,  has  equal  resistive 
and  reactive  components  and  has  a  magnitude  that 
varies  as  the  square  root  of  frequency.  The  phenome¬ 
non  is  frequently  referred  to  as  the  “skin  effect." 


Tima  domain  formulation:  Z ,(w)  and  Z((w)  are  de¬ 
fined  in  Eqs.  11.15  and  11.16  by  the  poles,  u/„,  given 
by  Eq.  11.17.  The  first  order  pole,  given  by 

-  *  (j)’^  <u-21) 

is  used  to  define  the  diffusion  or  penetration  time  con¬ 
stant,  r,  according  to 

The  penetration  time  constant  can  also  be  given  as 


r  • 


L 


(11.23) 


where  R  is  the  resistance  of  the  surface  and  L  is  the 
internal  inductance. 


frequency  -  Hz 


(b)  frequency  -  Hs 


Fig.  11.6  FVequency  dependence  of  surface  and 
transfer  impedance. 

(a)  CFC  sheet 

(b)  Aluminum  sheet 


In  response  to  a  step  function  of  injected  current, 
/,  the  current  density  J  at  any  point  x  in  the  sheet 
can  then  be  ©v*n  as  (11,2): 


./(*)  =  /  l+2^(-l)V,*/,-)cos(n*J) 

nm  | 


(11.24) 
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In  Eq.  11.24  *  ■  0  it  the  inner  surface  and  t  =  d 
at  the  surface  where  current  is  injected.  The  current 
density  at  the  surface  where  current  is  injected  is  given 
by  evaluating  Eq.  11.24  at  x  =  d. 

J.  =  <r/|l  +  2^-‘/r  +  *-u'T  +  +  t~m'T  +  •  • 

(11.25) 

The  current  density  at  the  other  surface  is  given 
by  evaluating  Eq.  11.24  at  a*  =  0. 

Z,(t)  =  <r/[l-2^~‘/r-e*4,/,-<"#,/r-f"u,/r— ■•] 

(11.26) 

In  response  to  a  step  function  applied  current  the 
current  density  along  the  inner  surface  builds  up  as 
shown  on  Fig.  11.7  and  produces  an  incremental  volt¬ 
age  which  is  the  product  of  the  current  density  and 
the  resistivity  of  the  surface.  The  voltage  along  the 
path  AB  is  then  given  by  integrating  the  incremental 
voltages.  Since  the  voltage  along  the  path  AB  is  the 
only  component  of  voltage  Vj,  it  follows  that  Vi  will 
rise  to  the  dc  resistance  following  a  path  as  shown  on 
Fig.  11.7. 

11.3.S  Characteristic  Diffusion  Response 

This  response  curve  is  called  a  diffusion-type  re¬ 
sponse  and  is  characteristic  of  many  types  of  situations 
involving  the  transmission  on  energy  through  a  dis¬ 
tributed  medium.  An  example  would  be  the  transfer 
of  heat  into  a  block  if  a  heat  flux  were  suddenly  ap¬ 
plied  to  one  face  of  the  block.  Another  would  be  the 
transmission  of  electrical  energy  through  an  R/C  or 
L/R  ladder  network.  Fig.  11.8  shows  examples,  with 
Fig.  11.8(b)  often  being  used  aa  the  best  illustrative 
example  of  the  phenomenon  of  skin  effect. 


Fig.  11.7  Diffusion- type  response  to 
a  step  function. 


Waveshape:  Two  important  observations  might  be 
made  about  the  shape  of  the  response  curve  shown 
on  Fig.  11.7.  The  first  is  that  the  response  initially 
changes  only  slowly  and  thus  has  a  zero  first  deriva¬ 
tive,  unlike  a  simple  exponential  response,  which  has  a 
finite  first  derivative.  The  second  is  that  the  response 
approaches  its  final  value  much  more  slowly  than  does 
a  simple  exponential  response.  In  three  time  constants 
(as  defined  by  Eq.  11.23)  the  response  has  reached 
90%  of  its  final  value,  but  the  rise  to  the  99%  point 
takes  nearly  20  time  constants.  In  contrast,  an  expo¬ 
nential  response  reaches  95%  of  its  final  value  in  three 
constants  and  reaches  99%  in  4.65  time  constants. 


Ein  (n  sections)  Eout 


Fig.  11.8  Ladder  networks  displaying 

a  diffusion-type  response. 

(a)  R/C  network 

(b)  L/R  network 

Influanca  of  matarial:  With  respect  to  Eq.  11.22,  it 
should  be  noted  that  the  penetration  time  constant  is 
directly  proportional  to  the  permeability  of  the  ma¬ 
terial,  inversely  proportional  to  the  resistivity  of  the 
material  and  directly  proportional  to  the  square  of  the 
thickness  of  the  material.  The  relative  permeability 
of  structural  materials  used  in  aircraft  is  always  very 
nearly  unity,  but  thickness  and  resistivity  can  vary 
over  wide  ranges. 

For  reference,  Eq.  11.21  is  shown  plotted  in  Fig. 
11.9  as  a  function  of  material  thickness  and  resistivity 
of  the  material.  The  resistivities  of  some  typical  met¬ 
als  were  shown  in  $9.4.3.  As  an  example,  if  we  assume 
an  aluminum  alloy  with  a  resistivity  of  2.69  x  10”* 
ohm-meters  (twice  that  of  copper)  and  a  skin  thick¬ 
ness  of  1.016  mm  (0.040  inches),  the  penetration  time 
const  ant  would  be  3.9  ps.  If  a  step  function  of  current 
were  established  on  the  outside  of  such  metal,  it  would 
take  11.7  ps  for  the  current  density  on  the  other  side 
to  reach  90%  of  its  final  value.  If  the  duration  of  the 
injected  current  pulse  were  short  compared  to  11.7  ps, 
the  response  would  never  reach  the  full  IR  voltage. 
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V 


Inches 

Fig.  11.9  Skin  thickness  vs  penetration  time  constant. 

Response  to  other  waveforms:  The  response  to  other 
waveforms  can  be  obtained  by  application  of  the  con¬ 
volution,  or  superposition,  integral: 

[/(<,  /(<),  r]  a  jt  J  E(t  -  r)I(t)dr.  (11.27) 

Graphically,  the  elements  of  Eq.  11.27  are  shown 
in  Fig.  11.10.  Just  as  an  arbitrary  waveform  can  be 
considered  as  the  summation  of  a  series  of  elementary 
step  functions,  the  response  to  that  arbitrary  wave¬ 
form  can  be  considered  as  the  summation  of  a  series 
of  step  function  responses.  The  process  is  described  in 
many  textbooks  on  circuit  theory,  such  as  (11.3).  The 
process,  along  with  a  computer  routine  for  handling 
numerical  data,  was  also  described  in  (11.4).  Convolu¬ 
tion  assumes  linear  conditions,  such  as  would  prevail, 
for  all  practical  purposes,  in  metals.  CFC  materials 
might  be  sufficiently  nonlinear  as  to  render  convolu¬ 
tion  calculations  suspect. 


Fig.  11.10  A  wave  approximated  as  a  superposition 
of  step  functions. 


Equivalent  circuits:  The  L/R  network  of  Fig.  11.8(b) 

is  a  valuable  way  of  representing  diffusion  effects  be¬ 
cause  it  can  be  directly  solved  with  a  variety  of  network 
analysis  computer  programs,  most  of  which  allow  for 
driving  functions  other  than  step  functions.  The  in¬ 
ternal  inductance  of  the  surface  is  represented  by  n 
incremental  inductors  in  series  while  the  dc  resistance 
is  represented  by  n+1  incremental  resistors  in  parallel. 

As  an  example,  consider  the  2  meter  long  circular 
cylinder  treated  in  §11.3.2.  The  exact  internal  induc¬ 
tance  of  such  a  cylinder  is 

Li  =  r-log[— ]  henries.  (11.28) 

r  i 

or,  for  non- magnetic  materials  such  as  aluminum 


Li  — 2  x  10“T  log  [—]  henries.  (11.29) 
r» 

An  approximate  expression  applicable  to  thin 
tubes  is 


For  a  flat  sheet  of  1  meter  width,  length  l  and 
thickness  d,  the  internal  inductance  would  be  simply 

Limpid.  (11.31) 

Using  the  dimensions  given  earlier,  r;  =  0.157  m  and 
r,  =  0.157  +  0.000381  m.  L,  =  9.695  x  10"10  henries. 

An  equivalent  circuit  can  be  obtained  by  divid¬ 
ing  this  inductance  into  four  equal  parts,  each  2.424  x 
10~10  henries,  as  noted  on  Fig.  11.11.  The  incremen¬ 
tal  resistance  on  the  figure  is  the  1.43  x  10~4  ohms 
calculated  in  §11.3.1  and  divided  into  five  sections. 


Fig.  11.11  Equivalent  circuit  representing 
propagation  through  a  shield. 
L  =  9.695  x  10”4  Hy 
R  —  2.860  x  10-s  ohm 
Li  =  lx  10-*  Hy 
Ri  —  1  x  10-3  ohm 
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The  response  of  the  tube  to  two  different  wave¬ 
shapes  is  shown  on  Fig.  11.12.  The  figure  shows  how 
the  waveshape  of  the  internal  response  may  be  almost 
independent  of  the  waveshape  of  the  external  driving 
current,  a  situation  that  will  occur  if  the  duration  of 
the  external  current  is  short  compared  to  the  pulse 
penetration  time.  The  amplitude  of  the  internal  re¬ 
sponse  will  depend  on  the  external  driving  current, 
but  only  on  its  impulse  strength,  or  time  integral. 


unlUiracUonaJ  MdlUiory 


Fig.  11.12  Internal  and  external  waveshapes. 

(a)  Input  current  -  /in 

(b)  Current  on  inner  face  -  J; 

(c)  Cavity  current  -  lc 

Internal  cavity  impedance;  The  equivalent  circuit  can 
be  extended  by  incorporating  the  internal  impedance, 
Ri  and  Li  of  the  volume  bounded  by  the  shielding  sur¬ 
face.  In  general,  the  internal  impedance  bounded  by 
the  surface  will  be  dominated  by  the  internal  induc¬ 
tance,  which  leads  to  the  observation  that  the  internal 
current  will  be 


/,  = 


dt. 


(11.32) 


The  magnetic  field  will  have  the  same  shape  as  that 
predicted  by  Eq.  1 1.32,  which  is  to  say  that  the  deriva¬ 
tive  of  the  internal  magnetic  field  will  have  essentially 
the  same  shape  as  the  voltage  Ei  shown  on  Fig.  11.12. 

The  question  of  internal  impedance  of  cavities  is 
discussed  further  in  §11.7. 


11.3.6  Plane  Conducting  Sheets 


Thus  far,  attention  has  been  focused  on  uniform 
current  flow  on  plane  sheets  or  on  a  circular  cylin¬ 
der.  One  might  reasonably  ask  whether  or  not  the 
concepts  which  have  been  discussed  also  apply  to  sit¬ 
uations  where  the  current  flow  is  not  uniform. 

Such  a  situation  is  illustrated  in  Fig.  11.13,  which 
shows  a  current  entering  a  plane  sheet  of  thickness  d 
and  homogeneous  isotropic  conductivity  a.  This  situa¬ 
tion  is  of  considerable  practical  importance,  examples 
including  a  direct  lightning  strike  on  an  aircraft  fuel 
tank,  to  the  conductive  case  of  a  rocket  motor,  or  to 
an  aircraft  skin  with  internal  nearby  cables.  The  ques¬ 
tion  of  interest  is  the  internal  electric  fields,  perhaps  to 
evaluate  the  possibility  of  fuel  ignition  or  to  evaluate 
the  coupling  to  cables. 

There  are  some  significant  differences  between  the 
situation  of  Fig.  11.13  and  the  previous  examples,  such 
as  Fig.  11.1  (plane  wave  normally  incident  on  a  plane 
sheet)  or  Fig.  11.2  (uniform  current  flow  on  a  cylin¬ 
der).  First,  for  Fig.  11.13,  the  current  density  is  not 
uniform,  in  that  the  magnetic  field  on  the  outer  surface 
of  the  sheet  is  given  by 


H  = 


I 

2nr' 


(11.33) 


I 


Fig.  11.13  Lightning  strike  to  a  plane  conducting 
sheet. 

(a)  Oblique  view 

(b)  2DFD  model  used  for  the  solution 
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The  field  lines  would  be  circles  centered  around 
the  injected  current.  The  current  density  J  would  have 
the  same  amplitude  as  the  field  intensity,  but  the  flow 
lines  would  be  directed  radially  away  from  the  point 
where  the  current  was  injected. 

Second,  there  is  a  special  concern  about  how  to 
apply  the  concept  of  transfer  impedance  near  the  ori¬ 
gin  of  Fig.  11.13(b).  If  diffusion  effects  are  not  con¬ 
sidered,  the  radial  voltage  gradient  Er  would  be 


Er  - 


(11.34) 


2nr  od' 

which  has  a  singularity  at  r  =  0  where  Eq.  11.25  would 
predict  the  current  density  to  become  infinite  if  the 
injected  current  were  a  step  function.  Physically  this 
wiil  not  happen  because  the  sheet  has  a  finite  thick¬ 
ness  and  because  the  current  has  a  finite  front  time. 
Current  spreads  away  from  the  injected  point  and  the 
current  density  never  becomes  infinite.  Still,  the  trans¬ 
fer  impedance  as  defined  in  Eq.  11.11  cannot  apply  at 
or  very  near  r  =  0. 

Unfortunately,  the  three  dimensional  problem  in 
Fig.  11.13  does  not  have  a  known  analytic  solution 
and  results  cannot  be  expressed  in  a  closed  form.  Nu¬ 
merical  means  must  be  employed. 


2DFD  numerical  solution:  A  method  that  can  be  used 
to  solve  this  problem  is  the  two  dimensional  finite  dif¬ 
ference  (2DFD)  solution  of  Maxwell’s  equations,  which 
has  been  mentioned  in  Chapter  10.  The  quantities 
used  when  solving  the  problem  of  Fig.  11.13  were: 


-  lightning  channel  radius  a  -  0.00635  m 

-  radial  cell  size  -  0.0127  m 

-  axial  cell  size  -  0.002  m 

-  time  step  -  2.0  x  10~n  sec. 

-  radial  boundary  at  r  -  0.3048  m 

-  axial  boundary  at  z  -  0.5232  m. 


Fig.  11.15  Late  time  electric  field  amplitudes 


for  Fig.  11.13. 

icant  normal  electric  field  at  r  =  0,  which  decreases 
with  increasing  r.  Its  value,  which  is  larger  than  the 
largest  radial  field,  is  not  predicted  by  the  uniform  cur¬ 
rent  flow  assumptions  implicit  in  Eqs.  11.11  or  11.16. 

Second,  there  is  a  near  zone  effect  with  regard 
to  the  tangential  electric  field  Er  near  the  origin.  The 
radial  field  at  the  reverse  side  of  the  sheet  is  not  highest 
at  r  =  0.  Instead  it  is  zero  at  r  =  0  and  increases  to 
a  maximum  at  some  distance  away,  depending  upon 
conductivity.  Also,  the  radial  field  has  a  magnitude 
lower  than  predicted  by  Eq.  11.33,  which  is  to  say 
that  the  current  density  on  the  reverse  side  of  the  sheet 
is  lower  than  it  would  be  if  diffusion  effects  were  not 
operating.  At  late  times  and  sufficiently  far  from  the 
strike  point  the  radial  voltage  gradient  will  be  given 
by  Eq.  11.33  and  that  distance  can  be  taken  as  the 
end  of  the  near  field  zone. 


The  lightning  current  waveform  was  assumed  to 
be  the  modified  step  function  shown  in  Fig.  11.14. 
Results  are  presented  in  Fig.  11.15  for  two  values  of 
conductivity,  a  —  104  mho/m  and  a  =  103  mho/m. 
There  are  several  interesting  and  significant  fea- 


Fig.  11.14  Lightning  current  source  for  Fig.  11.13. 


It  should  be  noted  that  these  curves  scale  directly 
with  the  conductivity  a.  but  not  with  the  thickness  d. 

Although  the  time  domain  waveshapes  are  not 
shown  here,  they  do  have  the  diffusion  waveshape 
shown  on  Fig.  11.7. 


In  many  cases,  analysis  of  lightning  interactions 
must  account  for  the  phenomenon  of  redistribution, 
the  process  by  which  the  division  of  current  changes 
from  an  initial  state  governed  mostly  by  inductive  ef¬ 
fects  to  one  governed  by  resistive  effects.  An  elemen¬ 
tary  example  of  redistribution  can  be  illustrated  by 
the  RL  circuit  of  Fig.  11.16,  which  also  shows  the 
waveform  of  the  current  in  each  of  the  two  branches. 
A  current  pulse  of  short  duration  entering  the  network 


11.4  Redistribution 
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long  wave 


short  wave 


Fig.  11.16  Lumped  constant  circuit  exhibiting  redistribution  effects. 

(a)  Circuit 

(b)  /.a 

(C)  /, 

(d)  h 


f  1 

L  A 
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will  divide  between  the  two  branches  in  proportion  to 
the  inductances,  but  a  pulse  with  a  long  front  and 
tail  time  will  divide  in  proportion  to  the  resistances. 
A  pulse  with  a  short  front  time  and  a  long  tail  time 
will  initially  divide  in  proportion  to  the  inductance, 
but  then  the  distribution  will  change  and  ultimately 
become  governed  by  the  resistance. 

Redistribution  as  a  sum  of  components:  One  way  of 
viewing  the  phenomenon  is  to  consider  the  current  in 
the  two  branches  to  be  composed  of  the  sum  of  two 
components;  a  steady  state  component  governed  by 
the  resistances  and  a  transient  circulating  current  gov¬ 
erned  by  the  L/R  time  constants  of  the  circuit.  The 
transient  circulating  current  will  eventually  die  away 
as  the  energy  injected  into  the  circulating  current  is 
consumed  by  the  resistance  of  the  circuit.  If  the  in¬ 
jected  pulse  has  a  finite  duration,  the  circulating  com¬ 
ponent  of  current  will  cause  the  current  in  the  individ¬ 
ual  branches  to  last  longer  than  the  applied  current. 
It  will  also  cause  the  current  in  one  of  the  branches 
to  flow  in  a  direction  opposite  to  the  polarity  of  the 
injected  pulse. 

Similar  phenomena  occur  in  aircraft  structures. 
Usually  they  cannot  be  completely  described  in  terms 
of  circuits,  though  simple  equivalent  circuits,  such  as 
that  of  Fig.  11.11,  can  often  help  illustrate  the  phe¬ 
nomenon  involved.  In  some  cases  internal  magnetic 
fields  develop  of  such  a  waveshape  that  it  is  difficult 
to  distinguish  between  magnetically  induced  voltages 
and  resistive  voltages  influenced  by  diffusion  effects. 

These  redistribution  phenomena  will  be  discussed 
first  for  an  elliptical  cylinder  and  then  illustrated 
for  more  complex  structures  in  which  the  phenomena 
must  be  calculated  by  numerical  means. 

11.4.1  Elliptical  Cylinders 

Fig.  11.17  shows  an  elliptical  cylinder  into  which 
a  step-function  current  is  injected.  As  in  §11.3.1,  the 
cylinder  is  assumed  to  be  long  enough  that  all  end 
effects  may  be  neglected,  that  it  is  short  compared 
to  the  wavelengths  of  any  frequency  components  of 
the  injected  current,  and  that  the  return  path  for  the 
current  is  far  enough  removed  that  no  proximity  effects 
need  be  considered. 

The  instantaneous  current  in  the  cylinder  will  also 
be  treated  as  composed  of  the  sum  of  two  components; 
a  steady  state  component  and  a  transient  component 
where  the  transient  component  takes  the  form  of  a 
circulating  eddy  current.  For  the  following  section  it 
should  be  kept  in  mind  that  the  eddy  currents  de¬ 
scribed  represent  only  the  transient  component  of  cur¬ 
rent  and  that  the  total  current  at  any  point  or  time  is 
the  sum  of  the  two  components. 


Fig.  11.17  Magnetic  fields  around  an  elliptical 

cylinder. 

(a)  Penetrating  lines  of  flux 

(b)  Detail  showing  resolution  into 
components 

(c)  Circulating  currents  induced 
by  penetrating  lines  of  flux  * 

Steady  state  conditions:  Under  steady  state  dc  condi¬ 
tions  the  current  density  along  the  wall  of  the  cylinder 
will  be  governed  by  the  dc  resistance  and,  if  uniform 
wall  thickness  is  assumed,  it  will  be  uniform.  The  cur¬ 
rent  in  the  cylinder  will  produce  a  magnetic  field.  Most 
of  the  field  lines  will  completely  encircle  the  cylinder, 
as  shown  in  Fig.  11.17(a),  but  some,  because  of  the 
uniform  current  density,  will  pass  through  the  cylinder. 
The  greater  the  eccentricity  of  the  cylinder,  the  greater 
will  be  the  number  of  lines  of  flux  passing  through  the 
it. 

Transient  conditions:  One  such  penetrating  flux  line 
is  shown  in  Fig.  11.17(b).  The  vector  defining  that 
line  may,  at  the  point  of  entry,  be  resolved  into  two 
vector  components,  one,  normal  to  the  surface, 
and  another,  </>«,  tangential  to  the  surface.  If  the  field 
line  <f>  is  suddenly  established,  it  will  induce  a  circu¬ 
lating,  or  eddy,  current  in  the  conducting  sheet  which 
it  attempts  to  penetrate.  The  eddy  current  will  pro¬ 
duce  a  magnetic  field  of  its  own,  and  the  intensity  of 
the  eddy  current  will  be  such  that  the  magnetic  field 
produced  is  exactly  that  required  to  cancel  the  normal 
component  of  the  exterior  field. 

Circulating  component:  If,  as  shown  in  Fig.  11.17(c), 
a  number  of  lines  of  magnetic  flux  attempt  to  pen¬ 
etrate  the  surface  of  the  elliptical  cylinder,  the  eddy 
currents  produced  by  each  line  of  flux  combine  to  pro¬ 
duce  a  circulating  component  of  current.  In  an  ellip¬ 
tical  cylinder  there  will  be  four  regions  of  circulating 
current,  two  on  each  of  the  two  sides  of  the  cylinder. 
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These  circulating  current  components  will  be  of  such  a 
nature  as  to  increase  the  current  density  at  the  edges 
of  the  cylinder  and  to  reduce  it  along  the  center.  They 
also  cancel  any  penetrating  magnetic  field,  forcing  the 
field  around  the  cylinder  to  be  entirely  tangential  to 
the  surface,  at  least  initially. 

FVom  the  viewpoint  of  component  currents,  the 
circulating  currents  produce  an  internal  magnetic  field 
that  initially  has  the  same  pattern  as  that  produced 
by  the  dc  current,  but  of  opposite  polarity,  so  as  to 
initially  reduce  the  internal  magnetic  field  to  zero. 
Transition  to  DC  conditions:  The  eddy  currents  can¬ 
not  exist  forever,  since  energy  will  be  lost  as  the  cur¬ 
rents  circulate  through  the  resistance  of  the  metal 
sheet.  Accordingly,  the  current  density  at,  all  points 
will  vary  with  time,  eventually  becoming  uniformly 
distributed  in  structures  having  uniform  thickness  and 
made  of  uniform  resistivity  materials.  Fig.  11.18 
shows  the  manner  in  which  the  current  density  will 
vary.  As  the  circulating  current  shown  in  Fig.  11.18(c) 
decays  to  zero,  the  current  at  the  edge  will  decay 
from  its  initial  high  value  to  the  final  resistively  deter¬ 
mined  value,  and  the  current  at  the  center  will  increase 
from  its  initially  low  value.  The  current  densities  will 
change  according  to  an  essentially  exponential  pattern, 
though  the  transient  increase  in  surface  resistance  pro¬ 
duced  by  diffusion  effects  will  prevent  the  circulating 
current  from  following  a  true  exponential  decay. 


Time  constant:  One  expression  giving  the  approx¬ 
imate  magnitude  of  the  redistribution  time  constant 
that  has  appeared  in  the  literature  [11.5]  is: 


where 


(iAa 

Tp 


(11.35) 


A  =  enclosed  area  of  structure 

P  =  peripheral  distance  around  the  structure. 

The  thickness  of  the  wall,  a,  is  assumed  to  be  very 
small  compared  to  other  dimensions.  For  a  rectangular 
box  of  sides  height  h  and  width  d,  Eg.  11.36  becomes 

fihda 

T~  2 p(h  +  dY 
These  equations  define  the  approximate  redistribution 
times,  but  the  actual  time  constants  will  depend  on  the 
geometry  and  will  be  somewhat  different  for  different 
portions  of  a  structure. 

For  an  elliptical  cylinder  made  from  aluminum  of 
thickness  0.0381  cm,  having  a  major  axis  of  47  cm,  a 
minor  axis  of  9.4  cm,  and  a  perimeter  of  98.7  cm  (es¬ 
sentially  a  flattened  version  of  the  circular  cylinder  dis¬ 
cussed  in  §11.2)  the  redistribution  time  constant  pre¬ 
dicted  by  Eq.  11.35  would  be  745  /is.  As  will  always  be 
the  case,  the  redistribution  time  constant  will  be  much 
longer  than  the  pulse  penetration  time  constant. 


(a)  Current  components  defined 

(b)  Edge  and  center  currents 

(c)  Circulating  currents 


11.4.2  Eddy  Currents  and  the  Internal 
Magnetic  Field 

As  the  circulating  component  of  current  dies  out 
and  the  external  lines  of  flux  penetrate  the  walls  of 
the  cylinders,  there  will  be  set  up  an  internal  mag¬ 
netic  field  oriented  as  shown  in  Fig.  11.19.  In  its 
latter  stages  the  rate  at  which  the  internal  field  builds 
up  will  be  dependent  upon  the  rate  at  which  the  ex¬ 
ternally  induced  circulating  currents  die  away,  with  a 
time  constant  about  equal  to  the  redistribution  time 
constant. 

The  early  time  buildup  of  the  magnetic  field  will 
depend  on  the  rate  at  which  the  eddy  currents  build 
up  along  the  inner  surface.  The  eddy  currents  build 
up  in  response  to  the  electric  field  on  the  inner  sur¬ 
face,  but  are  also  governed  by  the  inductance  of  the 
path  through  which  they  circulate,  according  to  the 
elementary  formula: 

I=y  /  Edt.  (11.37) 

L  Jo 

Since  the  internal  surface  voltages  are  retarded  by 
the  diffusion  effect,  it  follows  that  the  internal  circu¬ 
lating  currents,  and  hence  the  internal  magnetic  field, 
will  build  up  even  more  slowly. 
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Fig.  11.19  The  internal  magnetic  field  that  arises 
as  a  result  of  flux  penetration. 


Voltage  a*  lint  integral  of  potential:  The  volt¬ 
age  between  any  two  points  is  defined  again  as  the 
line  integral  of  the  potentials  around  a  closed  path. 
Figs.  11.21(a)  and  (b)  show  the  simplest  paths  to  con¬ 
sider.  Vi  would  be  the  sum  of  the  potentials  developed 
around  the  loop  ABCD.  If  there  is  no  current  along 
conductor  1,  the  potential  along  path  AB  will  be  zero. 
The  potential  drop  along  the  path  B  -  C  will  be  zero 
because  of  the  assumptions  regarding  the  end  cap.  The 
potential  along  path  CD  will  then  be  the  voltage  drop 
produced  by  the  inner  current  density  times  the  resis¬ 
tivity  of  the  material  along  the  path  CD. 


11.4.3  Internal  Loop  Voltages 

We  are  now  in  a  position  to  evaluate  the  voltages 
on  conductors  contained  in  a  cylinder  of  non-circular 
geometry.  Fig.  11.20  shows  an  elliptical  cylinder  with 
two  internal  conductors,  one  adjacent  to  the  surface 
and  one  in  the  center.  Both  are  connected  at  one  end 
to  an  end  cap  sufficiently  massive  that  no  voltage  drops 
will  appear  along  its  inner  surface.  The  other  ends 
are  open  circuited.  The  usual  assumptions  about  the 
length  of  the  cylinder  and  the  return  path  for  the  in¬ 
jected  current  apply.  Voltages  V\  and  Vj  are  shown, 
both  being  measured  between  their  respective  conduc¬ 
tors  and  a  point  on  the  inner  wall  of  the  cylinder.  Fig. 
11.20(b)  shows  that  all  of  the  internal  flux  will  pass  be¬ 
tween  conductor  2  and  the  inner  wall  of  the  cylinder, 
while  only  a  small  amount  will  pass  between  conductor 
1  and  the  inner  wall.  Correspondingly,  a  large  fraction 
of  the  internal  flux  passes  through  the  plane  defined 
by  conductors  1  and  2. 


A  POINT  ON  THI 
MNMWAU 


Fig.  11.20  Factors  governing  the  internal  voltage. 

(a)  The  geometry 

(b)  Internal  flux  linkages 


Fig,  11.21  The  internal  voltages. 

(a)  Detail  of  the  edge  surface 

(b)  Paths  of  integration 

(c)  Components  of  Vi 

(d)  Components  of  V2 

To  these  potentials  must  be  added  the  volt¬ 
age  induced  magnetically  by  the  changing  magnetic 
flux  passing  through  the  loop  defined  by  the  points 
Ay  B,  C,and  D.  If  the  spacing  of  the  conductor  to 
the  wall  is  made  vanishingly  small,  so  that  C  —  B  and 
D  —  A  become  zero,  there  will  be  no  magnetic  flux; 
hence  the  voltage  Vj  between  points  A  and  D  will  be 
only  the  resistive  voltage  drop  along  the  path  CD. 
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As  in  the  cylindrical  geometry  case,  the  voltage 
for  a  step  function  current  injected  into  the  exterior  of 
the  tube  will  build  up  according  to  the  pattern  shown 
in  Fig.  11.7.  Its  magnitude  will  be  greater  than  the  dc 
resistance  rise  in  the  ratio  by  which  the  initial  current 
density  along  the  end  of  the  ellipse  exceeds  the  steady 
state  current  density. 

V2  will  again  be  the  sum  of  a  resistive  voltage  rise 
and  a  magnetically  induced  voltage,  this  time  along 
the  path  EFDC.  The  resistive  component  will  be 
identical  to  the  resistive  component  of  V\,  the  resis¬ 
tance  rise  along  the  path  CD.  For  V3,  however,  there 
will  be  a  non-zero  magnetic  component  of  voltage  pro¬ 
duced  by  the  passage  of  a  finite  amount  of  magnetic 
flux  through  the  finite  loop  EFDC.  The  magnetically 
induced  component  of  voltage  will  be  given  by 

d<j>  d 

em-^  =  A^(/circ)  (11-38) 

where  K  is  a  proportionality  constant  relating  the  flux 
produced  in  the  loop  EFDC  to  the  internal  current. 
In  Eq.  11.32,  however,  it  was  shown  that  the  internal 
current  was  proportional  to  the  integral  of  the  inter¬ 
nal  resistance  rise.  This  leads  to  the  rather  unusual 
observation  that  the  magnetically  induced  component 
of  voltage  has,  initially  at  least,  the  same  waveshape 
as  the  component  of  voltage  produced  by  the  flow  of 
internal  current  through  the  resistance  of  the  material. 

The  long  term  response  of  the  magnetically  in¬ 
duced  voltage  will  be  different  from  the  resistively  gen¬ 
erated  component,  since,  as  steady  state  conditions  are 
reached  and  the  internal  magnetic  field  reaches  its  final 
value,  its  rate  of  change  will  decrease  to  zero. 

Influence  of  physical  shape:  The  amount  of  the  mag¬ 
netically  induced  voltage  will  depend  upon  the  loca¬ 
tion  of  the  conductor  and  upon  the  degree  to  which 
the  initial  distribution  of  magnetic  flux  around  the  out¬ 
side  of  the  cylinder  differs  from  the  final  distribution 
of  magnetic  flux.  Since  the  difference  between  the  ini¬ 
tial  and  the  final  flux  patterns  is  greater  for  cylinders 
of  high  eccentricity  than  it  is  for  cylinders  of  low  ec¬ 
centricity,  it  follows  that  the  flatter  the  cylinder,  the 
greater  will  be  the  influence  of  the  magnetic  compo¬ 
nent. 

11.4.5  Redistribution  on  a  Rectangular 
Cylinder 

Some  situations  are  best  studied  by  numerical 
means,  an  example  being  the  rectangular  coaxial  trans¬ 
mission  line  of  Fig.  11.22.  It  consists  of  a  rectangular 
outer  conductor,  assumed  here  as  perfectly  conducting 
and  only  used  to  define  the  problem  space,  and  a  rect¬ 
angular  inner  conductor  made  from  a  poorly  conduct¬ 
ing  material.  The  driving  source  for  the  illustration 


is  taken  to  be  a  1  V/m  axial  electric  field  having  the 
waveshape  shown  in  Fig.  11.23.  The  current  that  ul¬ 
timately  results  is  given  by  the  integral  of  the  voltage 
and  the  inductance  of  the  circuit. 
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Fig.  11.22  Redistribution  in  a  rectangular  cylinder. 


The  problem  was  solved  with  the  two-dimensional 
finite  difference  (2DFD)  technique  described  earlier. 
The  solution  was  based  on  a  cell  size  in  the  x  and  y 
directions  of  0.004  m  and  a  time  step  of  9  X  10-12  sec. 
By  Eqs.  11.23  and  11.35  the  pulse  penetration  time 
would  be  4.04  ns  and  the  redistribution  time  constant 
would  be  465  ns. 

Fig.  11.24  shows  the  internal  axial  electric  field  at 
points  A,  B ,  C  and  D.  Skin  effects  force  the  current 
on  the  center  conductof  to  be  highest  at  the  comers 
(B)  and  lowest  along  the  wider  face  (A),  and  this  is  re¬ 
flected  in  the  axial  electric  field  being  highest  at  point 
B  and  lowest  at  point  A,  After  about  one  redistribu¬ 
tion  time  constant,  the  currents  and  thus  the  internal 
electric  fields,  are  nearly  equal. 
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Pig.  11.24  Electric  field  variations  at  points 
indicated  on  Fig.  11.22. 

An  interesting  feature  of  Fig.  11.24  is  that  the 
waveforms  cross  each  other.  This  indicates  that  differ¬ 
ent  time  constants  are  dominant  at  different  locations. 
This  can  be  explained  by  noticing  that,  if  the  wall  were 
discretized  into  a  set  of  N  filaments,  the  current  in  each 
filament  would  be  of  the  form: 

N 

*  filament  —  }  ~  Afte  (11.39) 

*=1 

Therefore,  each  filament  response  contains  the  same 
time  constants  (related  to  the  system  poles)  r*.  How¬ 
ever,  the  coefficient  A*  (residue)  depends  upon  loca¬ 
tion,  so  different  time  constants  (or  poles)  dominate 
at  different  locations.  It  is  clear  that  for  the  real  sys¬ 
tem,  there  is  actually  a  continuous  spectrum  of  time 
constants  (or  poles)  and  coefficients  (residues),  which 
are  only  approximated  by  a  discrete  spectrum  for  any 
discretized  analysis  procedure  such  as  a  filamentary 
model  or  finite  difference  model. 

Finally,  at  late  time,  the  electric  fields  become 
uniform  and  equal  to  the  product  of  total  current  and 
resistance  per  unit  length. 

The  vertical  and  horizontal  magnetic  fields  at 
points  A,  B  and  C  axe  given  in  Figs.  11.25  and  11.26. 
The  field  is  highest  at  the  comers,  showing  the  field 
lines  to  be  penetrating  the  conductor.  The  fields  peak 
at  approximately  the  calculated  redistribution  time, 
but  there  is  some  variation  depending  on  location. 

11.4.6  Redistribution  with  Both  Metal  and 
Composite  Materials 

A  so  called  “composite  aircraft”,  which  has  large 
amounts  of  CFC  material  in  its  structure,  is  really 


Fig.  11.25  Vertical  component  of  magnetic  field 
at  points  indicated  on  Fig.  11.22. 


Fig.  11,26  Horizontal  component  of  magnetic  field 
at  points  indicated  on  Fig.  11.22. 

a  mixture  of  metal  and  CFC  materials.  The  struc¬ 
tures  sure  sufficiently  complex  that  there  are  no  simple 
analytic  formulas  to  estimate  the  redistribution  time 
constants.  Three  dimensional  solutions  of  Maxwell’s 
equations  can  be  used  to  solve  this  type  of  problem, 
but  engineering  estimates  can  frequently  be  obtained 
if  one  has  sufficient  physical  insight. 

Metal  and  CFC  transmission  lino:  A  simple  example 
of  redistribution  on  a  mixed  metal/lossy  structure  will 
illustrate  the  principles  involved.  Fig.  11.27  shows  an¬ 
other  coaxial  transmission  line  of  which  the  outer  con¬ 
ductor  is  assumed  perfectly  conducting  and  only  used 
to  bound  the  space  in  which  the  numerical  solution 
takes  place.  The  inner  cylinder  has  a  20°  sector  made 
of  metal  (assumed  perfectly  conducting)  and  a  340° 
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sector  made  of  a  lossy  material  having  a  conductivity 
of  220.4  mho/m.  The  inner  conductor  is  driven  by  an 
axial  voltage  having  the  same  waveshape  as  shown  in 
Fig.  11.23,  but  of  248  V/m,  the  field  that  produces  a 
peak  current  of  1  ampere. 

The  solution  of  the  problem  used  the  2DFD  code 
with  a  cell  having  a  thickness  of  0.001  m  in  the  lossy 
material  and  0.01  m  elsewhere.  The  angular  width  of 
the  cell  was  10°  and  the  time  step  was  2.5  ps. 


Fig.  11.27  Structure  having  both  metal 
and  CFC  sectors. 

Fig.  11.28  shows  the  current  on  the  metal  and 
the  lossy  portions  of  the  conductor.  Initially,  most  of 
the  currant  flows  on  the  lossy  portion  of  the  conduc¬ 
tor,  but  eventually  all  the  current  flows  on  the  metal 
portion.  The  redistribution  time  can  be  defined  as 
the  time  when  the  currents  on  the  two  conductors  are 
equal;  400  ns  in  this  case.  Because  the  metal  con¬ 
ductors  are  assumed  perfectly  conducting,  the  current 
never  decays  to  zero,  even  though  the  voltage  pulse  is 
of  finite  duration.  If  metal  losses  had  been  considered, 
the  current  would  have  eventually  decayed  to  zero. 


Fig.  11.28  Redistribution  of  current  on  structure 
shown  in  Fig.  11.27. 


The  magnetic  and  electric  fields  at  r  —  0.05  m  and 
8  =  0°  are  shown  in  Figs.  11.29  and  11.30.  The  electric 
field  initially  increases  because  of  diffusion,  but  then  as 
redistribution  occurs,  it  decays  to  zero.  The  magnetic 
field  increases  in  amplitude  and  eventually  approaches 
a  steady  state  value  determined  by  the  current  distri¬ 
bution  on  the  center  conductor  and  the  inside  surface 
of  the  outer  conductor. 


Fig.  11.29  Magnetic  field  at  point  indicated 
on  Fig.  11.27. 


Fig.  11.30  Electric  field  at  point  indicated 
on  Fig.  11.27. 


11.5  Implementation  of  Diffusion  and 
Redistribution  in  3D  Models 

The  two  previous  examples  have  illustrated  how 
diffusion  and  redistribution  problems  can  be  solved 
with  2DFD  models.  They  can  also  be  incorporated 
into  3D  models.  The  following  sections  will  illustrate 
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how  they  axe  implemented  and  then  illustrate  the  tech¬ 
niques  as  applied  to  an  aircraft  wing  box  incorporating 
both  CFC  and  metal  members- 

Derivation  of  equations:  With  regard  to  the  defini¬ 
tion  of  Z,(u>)  in  Eq.  11.10,  one  can  form  a  decompo¬ 
sition  of  the  series  and  then  transform  each  term  into 
the  time  domain.  This  results  in  an  infinite  sequence 
of  ordinary  differential  equations  in  the  time  domain 
as  follows: 


£V)  =  ~  JM 
E°(t)  =  j-dm 
*»<«)-  2  ju> 


ffd  o>i  +  ju 


J(u>)  <=> 


£n(w)  = 


JLJ 


ffd  u>„  +  juj 
2  dJ{t) 


J(w)  <=> 

(11.40) 


J(u>)  and  J(t)  are  the  frequency  and  time  domain 
representations  of  the  impressed  current  density.  The 
solutions  of  these  ordinary  differential  equations  are 
analytic.  The  time  domain  electric  field  is  then  an 
infinite  aeries  of  convolutions: 


E(t)  =  f;  Ena) 

nsO 


JL_ 

(rd 


J(t)  +  2 


)dJ(i') 

dt' 


(11.41) 


With  respect  to  the  definition  of  Z/(w)  in  Eq. 
11.16,  one  can  follow  the  same  procedure  outlined 
above.  The  time  domain  electric  field  transmitted 
through  the  layer  can  also  be  written  as  an  infinite 
series  of  convolutions: 


£«)  = 
_1_ 
ffd 


J(t )  +  2  f'(-l)n  f  j(f') 

Jo 


(11.42) 


where  once  again  En(t  =  0)  =  0(n  =  1,2,  ■  •  ■  oo)  and 
J(t  =  0)  =  0. 

Implementation  in  numerical  codes:  Implementation 
of  the  series  expansions  in  Eqs.  11.41  and  11.42  in  a 
time  domain  finite  difference  approximation  solution 
requires  back  storage  of  the  tangential  components  of 
the  H  fields  in  order  to  compute  the  external  or  in¬ 
ternal  coupling  through  the  lossy  material,  at  least  at 
early  times.  At  late  times,  both  solutions  converge  to 
the  dc  resistance  condition,  E(t)  as  J(t)/(ad). 

Depending  on  the  bandwidth  of  the  calculation, 
and  the  conductivity  and  thickness  of  the  lossy  mate¬ 
rial,  the  series  expansion  for  the  transfer  impedance 
(Eq.  11.42)  may  converge  with  less  than  20  terms  at 
early  time.  The  series  expansion  for  the  surface  imped¬ 
ance  (Eq.  11.41)  requires  approximately  200  terms  to 
converge  for  calculations  with  100  MHz  bandwidths. 

11.5.1  Redistribution  on  a  Rectangular  Box 

As  a  demonstration  of  the  technique  described 
above,  the  results  of  external  and  internal  electromag¬ 
netic  coupling  by  lightning  to  a  box,  Fig.  11.31,  are 
presented.  The  top,  bottom,  and  two  of  the  faces  are 
assumed  made  of  perfectly  conducting  metal  and  the 
other  two  faces  are  assumed  made  of  graphite-epoxy 
composite  with  thickness  0.03  inch  (0.762  mm)  and 
conductivity  15  000  mho/m.  Comparison  calculations 
were  also  made  for  a  box  with  all  faces  made  of  per¬ 
fectly  conducting  metal.  Into  the  top  of  the  box  was 
injected  a  current  of  200  kA  peak  amplitude  with  a 
sin2  front  rising  to  crest  in  1  fis  and  decaying  expo¬ 
nentially  with  a  time  constant  of  50  //s.  The  current 
was  removed  from  the  opposite  face.  For  the  calcula¬ 
tions,  a  grid  size  of  1  m  in  all  directions  and  a  time 
step  of  1.75  ns  were  used. 

Kt)  Entry  Point 


Fig.  11.31  Redistribution  on  a  3D  object. 

(a)  Structure 

(b)  Waveshape  of  injected  current 


Fig.  11.32(a)  shows  the  magnetic  field  (or  current 
density)  at  the  center  of  one  of  the  faces  formed  from 
CFC,  while  Fig.  11.32(b)  shows  the  field  at  one  of  the 
metal  sides,  the  solid  lines  showing  the  waveforms  for 
the  box  with  CFC  sides  and  the  dashed  line  showing 
the  waveforms  for  the  box  composed  entirely  of  metal. 
At  early  times,  the  currents  divide  uniformly  between 
the  sides  made  of  metal  and  CFC  material,  and  the 
magnetic  fields  at  the  two  surfaces  are  the  same.  For 
those  early  times  the  distribution  of  current  is  such 
that  the  internal  magnetic  fields  are  zero,  as  sketched 
on  Fig.  11.33(a). 


(a)  Above  a  composite  face 

(b)  Above  a  metal  face 


As  time  goes  on,  the  current  transfers  from  the 
CFC  sides  to  the  metal  sides.  As  a  result  the  magnetic 
field  at  the  CFC  side  decreases  while  it  rises  (for  the 
times  indicated  on  the  figures)  on  the  metal  sides.  This 
is  accompanied  by  a  buildup  of  magnetic  field  on  the 
inside  of  the  box,  as  sketched  on  Fig.  11.33(b). 

Fig.  11.34  shows  the  electric  field  along  the  CFC 
side.  This,  along  with  the  internal  magnetic  fields, 
would  act  as  a  driver  for  conductors  located  inside  the 
box. 


(a) 


Fig.  11.33  Magnetic  field  patterns. 

(a)  Early  time 

(b)  Late  time 


Fig.  11.34  Electrical  H  field  above  a  composite  face. 


11.5.2  Redistribution  On  a  Wing  Box 

So  far,  the  examples  which  have  been  presented 
are  for  idealized  geometries,  but  the  numerical  meth¬ 
ods  also  work  when  applied  to  realistic  configurations 
encountered  in  aircraft.  An  example  is  the  aircraft 
wing  box  shown  in  Fig.  11.35,  calculations  and  mea¬ 
surements  for  which  were  reported  in  [11.6]. 

Dimensions:  The  wing  box  was  2.6  m  long,  0.7  m 
wide,  and  0.1  m  thick.  The  top  and  bottom  skins,  the 
side,  the  internal  spars  and  one  of  the  ribs  were  made 
of  CFC.  One  rib,  four  strips  and  the  ends  of  the  box 
were  made  of  aluminum.  Thicknesses  were  as  follows: 
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Fuol  Prot>o  •  Skin  Strain  Gauge  •  Skin 


Fig.  11.38  Locations  where  currents  were  measured. 


Test  and  analysis  conditions:  Analysis  and  tests  were 
done  for  two  different  conditions: 

Low  level  test:  400  A  peak 

0.25  pt  rise  time 
1.0  pt  decay  time 

High  level  teat:  200  kA  peak 
10  pt  rise  time 
150  p*  decay  time 

The  analysis  was  done  with  the  3DFD  techniques 
described  earlier.  The  CFC  surface  and  transfer  im¬ 
pedances  were  modeled  by  implementing  Eqs.  11.41 
and  11.42,  though  modified  somewhat  to  conserve 
computer  time.  The  time  and  space  resolution  for  the 
two  cases  were: 


Low  level:  Ax  *=  10  cm 

Ay  4  cm 
As  w  2.6  cm 
At  m  50  ps 

Volume  «*  60,680  cells 
Number  of  time  steps  =»  60,000 
Simulated  time  »  3/js 
Bandwidth  *  700  MHz 
High  level:  Ax  *  20  cm 

Ay  «*  7  cm 
As  *  4  cm 
At  m  100  ps 
Volume  =  17,600  cells 
Number  of  time  steps  **  30,000 
Simulated  time  m  30ps 
Bandwidth  **  350  MHz 


Results:  Comparisons  between  numerical  and  exper¬ 
imental  results  are  given  in  Tables  11.1  and  11.2.  A 
comparison  of  the  waveshapes  for  the  fuel  bell  mouth 
skin  voltage  is  given  in  Fig.  11.39. 

The  agreement  between  experimental  and  numer¬ 
ical  results  is  quite  good,  especially  in  view  of  the  com¬ 
plexity  of  the  structure.  Those  who  did  the  analysis 
and  test  note  that  the  voltage  and  current  measure¬ 
ments  were  very  difficult  to  make,  and  that  there  is 
no  reason  to  believe  that  the  measurements  were  any 
more  accurate  than  the  analysis.  In  fact,  the  ana¬ 
lytical  results  were  extremely  useful  in  justifying  and 
explaining  some  of  the  test  results  which  initially  had 
been  suspect. 


Table  11.1 

Comparison  of  Analytical  and  Experimental  Results  for  the 
Low  Level  Test 


Peak  Valuta 

Teat  Point 

Analyaia 

Teat 

Fuel  Probe -skin 

S.5V 

4.0  V 

Strain  gauge -skin 

6  V 

5  V 

Fuel  belt  mouth  •  skin 

0.5  V 

0.5  V 

Fuet  pipe  coupling  (insulated) 

4.7V 

4.5  V 

Shroud  current 

21  A 

20  A 

Shroud  current 

23  A 

27  A 

CFC-  skin  current 

7.5  A 

7  A 

skin  currant 

6.5  A 

6  A 

skin  current 

6.5  A 

6  A 

Side  spar 

2  A 

1.3  A 

Side  spar 

2.4  A 

1  A 

Internal  spar 

OJA 

1  A 

Mamaiapar 

OJA 

1  A 

Catt#  conduit 

4  A 

6  A 

Table  11.2 

Comparison  of  Analytical  and  Exparimantal  Results  for  the 

High  Laval  Test 

Peak  Valuta 

Teat  Point 

Analyaia 

Teat 

Fuel  probe  •  skin 

720  V 

670V 

Strain  gauge -skin 

Fuel  be)  mouth  -  skin 

850  V 

80V 

MOV 

720  V 

120  V 

1030  V 

Ami  pipe  ooupang  (Mounted) 
Shroud  current 

30  kA 

25  kA 

Shroud  currant 

30  kA 

30  kA 

Top-ekM  ounent  (CFC) 

1.9  kA 

1.5  kA 

Top-skin  currant  (CFC) 

1.6  kA 

1.4  kA 

Top  okM  currant  (CFC) 

Skis  spur,  CPC 

1.9  kA 

2.7  kA 

1.5  kA 
0.95  kA 

Side  spar.  CFC 

1.1  kA 

1.5  kA 

sWlriB  ipV|  wrv 

750  A 

900  A 

internal  spar,  CFC 

750  A 

aooA 

Miomat  rtb,  CPC 

320  A 

150-250  A 

Cable  conduit 

120  kA 

19-23  kA 

11.6  Diffusion  and  Redistribution  on 
CFC  Structures 

Previous  discussions  in  this  chapter  have  been  re¬ 
lated  to  materials  which  are  lossy,  but  isotropic.  Car- 
'bon*  fiber  composite,  CFC,  materials  are,  in  general, 
anisotropic.  CFC  materials  commonly  used  in  aircraft 
construction  typically  have  conductivities  of  «  10* 
mhos/m  in  directions  tangential  to  the  surface.  The 
conductivity  may  vary  according  to  the  specific  direc¬ 
tion  since  the  graphite  strands  may  be  woven  in  certain 
directions  to  increase  physical  strength  in  those  direc¬ 
tions,  but  the  difference  is  seldom  more  than  a  factor 
of  about  two.  In  the  direction  normal  to  the  surface, 
however,  the  conductivity  may  only  be  «  50  mhos/m 
since  the  various  layers  of  CFC  material  are  insulated 
from  each  other  by  epoxy  resin. 


There  have  been  many  studies  of  CFC  materials 
and  their  shielding  properties  [11,7  -  11.28].  The  gen¬ 
eral  conclusion  of  these  studies  is  that  for  conditions 
of  uniform  current  flow  on  CFC  surfaces,  the  only  con¬ 
ductivity  which  really  matters  is  that  tangential  to  the 
surface.  This  means  that  with  the  exception  of  the  ex¬ 
ample  in  §11.3.6,  the  other  examples  apply  to  CFC 
structures  only  if  one  uses  the  conductivity  tangential 
to  the  surfaces. 

The  example  of  §11.3.6  may  not  apply  to  aniso¬ 
tropic  CFC  materials,  because  in  that  example  there 
was  a  significant  conduction  of  current  normal  to  the 
surface.  The  usual  definitions  of  surface  and  transfer 
impedances  (Eqs.  11.10  and  11.12)  may  also  not  ap¬ 
ply,  since  they  are  based  on  current  being  able  to  flow 
normal  to  the  surface.  The  reason  the  word  “may'’  is 
used  is  that  the  conductivity  in  the  direction  normal  to 
surface  may  depend  on  current  density.  For  low  level 
currents,  the  epoxy  resin  may  insulate  one  surface  from 
another,  but  for  high  level  currents  the  voltage  gradi¬ 
ents  may  be  high  enough  to  cause  internal  sparking 
between  layers.  Such  sparking  would  tend  to  increase 
the  conductivity  between  layers,  both  during  the  time 
when  lightning  current  is  flowing  and  afterwards. 

11.7  Fields  Within  Cavities 

In  §11.3.5  it  was  observed  that  the  electric  field 
developed  along  the  inside  of  a  shielding  surface,  in 
response  to  a  current  or  magnetic  field  on  the  outside, 
excites  a  current  around  the  cavity  enclosed  by  the 
shielding  surface.  It  frequently  happens  that  in  the 
fuselage  of  an  aircraft  there  will  be  a  cavity  that  is 


effectively  exposed  to  the  external  field  on  only  one 
face,  either  because  the  inner  walls  of  the  cavity  are 
thick  enough  to  provide  more  shielding  from  the  other 
parts  of  the  external  field  or  because  the  cavity  is  much 
closer  to  one  of  the  external  surfaces  than  it  is  to  any  of 
the  other  external  surfaces.  A  typical  cavity  would  be 
a  gun  bay  or  an  electronic  equipment  bay  located  along 
the  fuselage  of  the  aircraft  and  accessible  through  the 
access  panels.  For  the  moment  the  effects  of  the  access 
panels  will  be  ignored.  The  geometry  is  shown  in  Fig. 
11.40(a). 


Fig.  11.40  A  cavity  exposed  to  a  field  on  only 

one  side. 

(a)  Cavity  and  field  orientations 

(b)  An  image  in  the  reflecting  surfaces 
defining  the  cavity 

(c)  Path  defining  the  loop  inductance 

Internal  currant  path:  The  cavity  may  be  viewed 
as  being  formed  from  one  face  exposed  to  the  exter¬ 
nal  magnetic  field  and  the  current  producing  that  field, 
and  with  its  other  faces  formed  by  metal  sheets,  which, 
like  the  exposed  surface,  may  be  assumed  to  extend  to¬ 
ward  infinity.  Mirrored  in  the  reflecting  surface  defin¬ 
ing  the  back  of  the  cavity  will  be  an  image  of  the  face 
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of  the  cavity  exposed  to  the  magnetic  field.  The  im¬ 
age,  Fig.  11.40(b),  will  be  spaced  at  a  distance  D 
behind  the  face  carrying  the  current,  and  in  the  im¬ 
age  the  reflection  of  the  external  current  will  be  of 
opposite  polarity.  The  electric  field  produced  on  the 
inner  surface  of  the  face  exposed  to  the  external  cur¬ 
rent,  shown  in  Fig.  11.40(c),  will  act  to  force  a  current, 
Idtc  t  around  the  interior  of  the  circuit  defining  the  cav¬ 
ity.  The  length  of  the  loop  involved  will  be  the  same 
as  the  length  of  the  cavity,  and  the  width  will  be  twice 
the  depth  of  the  cavity.  The  internal  voltage  gradient 
will  be  proportional  to  the  product  of  the  inner  cur¬ 
rent  density  and  the  resistivity  of  the  face  carrying  the 
external  current  and,  as  described  earlier,  will  exhibit 
the  characteristic  pulse  penetration  buildup  described 
in  Fig.  11.7. 

Internal  impedance:  This  voltage  may  be  viewed  as 
impressed  across  a  loop  or  cavity  inductance: 

Z  =  R  +  juL.  (U.4J) 

The  resistance  and  inductance  will  both  be  governed 
by  the  effective  characteristics  of  the  loop  defining  the 
cavity.  Typical  current  paths  and  their  characteristic 
impedances  are  shown  in  Fig.  11.41.  Some  cavities 
may  be  viewed  as  being  sufficiently  long  and  narrow 
that  they  may  be  defined  by  parallel  strips.  Others 
are  basically  of  rectangular  or  circular  shape,  or  of 
some  simple  shape  that  may  be  approximated  by  an 
equivalent  circular  cylinder.  The  inductance  and  re¬ 
sistance  of  each  configuration  are  shown.  Each  of  the 
inductance  equations  [11.28]  has  a  correction  factor, 
log  (k),  F'  or  K,  that  relates  to  the  shape  of  the  en¬ 
closure.  These  correction  factors  are  shown  in  Fig. 
11.42. 


Covers  and  fasteners:  If  the  cavity  is  provided  with 
a  removable  cover,  and  if  this  cover  is  in  the  external 
current  flow  or  is  exposed  to  the  external  magnetic 
field,  the  effects  are  as  illustrated  in  Fig.  11.43.  If  the 
cover  is  assumed  to  be  of  the  same  material  and  thick¬ 
ness  as  the  rest  of  the  face  upon  which  it  is  mounted, 
the  principal  effects  relate  to  the  resistance  of  the  fas¬ 
teners  used  to  hold  the  cover  in  place.  The  covers 
will  seldom  make  good  electrical  contact  to  the  rest 
of  the  surface  except  at  the  fasteners  themselves.  Ac¬ 
cordingly,  the  external  current  flowing  in  the  face  will 
be  constricted  in  the  vicinity  of  the  fastener  and  pass 
from  that  face  onto  the  cover  through  the  fastener. 
The  major  effect  of  this  constriction  of  current  flow 
is  to  introduce  a  lumped  resistance  into  the  electrical 
circuit,  although  there  is  a  certain  amount  of  influence 
on  the  inductance  of  the  circuit  whenever  the  current 
is  constricted. 
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Fig.  11.41  Typical  current  paths  and  characteristic 
impedances. 

(a)  Long  sheets 

(b)  Rectangular  box 

(c)  Circular  cylinder 


It  will  be  eeen,  then,  that  the  greater  the  number 
of  fasteners,  the  less  the  restriction  of  current  flow  and 
the  less  resistance  inserted  into  the  current  path.  The 
resistance  introduced  by  the  fasteners  is  important  be¬ 
cause  it  is  frequently  much  higher  than  the  intrinsic 
resistance  of  the  metal  surface  and  because  the  resis¬ 
tance  is  not  subjected  to  the  skin  effects  that  retard 
the  buildup  of  current  density  on  the  inner  surface. 

An  equivalent  circuit  of  the  cavity  including  the 
effects  of  fasteners  is  shown  in  Fig.  11.44.  Rf  is 
the  equivalent  resistance  of  the  fasteners.  Circulated 
through  this  resistance  is  the  undistorted  current  flow¬ 
ing  in  the  exterior  face  of  the  fuselage.  The  sum  of  R\ 
and  Rj  is  equal  to  the  intrinsic  resistance  of  the  loop 
defining  the  cavity,  the  resistances  being  given  by  the 
equations  in  Fig.  11.41.  The  external  current  will 
develop  a  voltage  across  only  a  portion  of  this  resis¬ 
tance,  since  it  flows  in  only  a  portion  of  the  loop.  Let¬ 
ting  R\  be  the  resistance  through  which  the  external 
current  flows,  that  resistance  may  be  assumed  to  be 
subjected  to  the  current  as  retarded  by  the  pulse  pen¬ 
etration  time  constant.  The  two  voltages  developed 
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across  these  resistances  then  circulate  current  across 
the  entire  loop;  The  rate  at  which  the  current  builds 
up  will  then  be  the  rate  at  which  the  magnetic  field 
inside  the  cavity  builds  up. 


Fig.  11.43  Effects  of  covers  and  fasteners. 


Fig.  11.42  Correction  factors  for  inductance. 

(a)  Parallel  strips 

(b)  Rectangular  boxes  Fig.  11.44  Equivalent  circuit  governing  buildup 

(c)  Circular  cylinders  of  magnetic  field  inside  a  cavity. 
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Chapter  12 


THE  INTERNAL  FIELDS  COUPLED  THROUGH  APERTURES 


12.1  Introduction 

The  most  important  mode  by  which  electromag¬ 
netic  energy  couples  to  the  interior  of  aircraft  (metal 
aircraft  at  least)  is  through  apertures.  These  are  open¬ 
ings  in  the  skin  of  an  aircraft,  examples  of  which  in¬ 
clude  cockpits,  wheel  wells,  bomb  bays,  seams,  joints 
and  covers  on  access  panels.  There  are  several  reasons 
for  the  importance  of  aperture  coupled  fields.  One  is 
that  apertures  are  effectively  the  only  means  through 
which  external  electric  fields  may  penetrate  to  the  inte¬ 
rior  of  the  aircraft.  Another  is  that  some  apertures  are 
quite  large,  windows  being  a  prime  example.  Also,  un¬ 
like  fields  coupled  by  diffusion  through  metal  surfaces, 
the  waveshape  of  the  interior  field  is  not  retarded,  but 
tends  to  be  the  same  as  that  of  the  external  electric 
and  magnetic  fields.  The  most  important  consequence 
of  the  coupled  fields  relates  to  the  voltages  induced  by 
such  fields.  A  field  of  given  peak  intensity  is  more  apt 
to  cause  trouble  if  it  rises  to  its  peak  quickly  than  if 
it  is  delayed  and  distorted.  Small  apertures,  in  fact, 
tend  to  accentuate  the  rate  of  change  of  the  coupled 
fields;  that  is,  they  are  more  efficient  at  coupling  high 
frequency  components  of  the  external  electromagnetic 
field  than  at  coupling  low  frequency  components. 

The  subject  of  aperture  coupling  has  been  of  con¬ 
siderable  theoretical  interest  since  the  time  of  Lord 
Rayleigh  [12.1].  Since  literally  hundreds  of  papers  and 
articles  have  been  written  on  the  subject,  no  attempt 
will  be  made  to  give  a  complete  review.  Instead,  this 
chapter  will  discuss  the  basic  points  of  aperture  cou¬ 
pling  and  make  reference  to  the  literature  for  addi¬ 
tional  details.  Simple  techniques  will  be  given  to  es¬ 
timate  or  bound  responses.  Also,  numerical  methods 
will  be  discussed  which  may  be  used  to  obtain  more 
accurate  results.  For  a  more  complete  treatment  of  the 
mathematical  aspects  of  aperture  coupling,  the  reader 
is  referred  to  some  of  the  review  articles  that  have 
appeared  [12.2  -  12.6].  Ref.  [12.2]  is  particularly  rec¬ 
ommended. 

A  distinction  was  made  above  between  luge  and 
small  apertures.  One  way  to  distinguish  between  large 
and  small  apertures  is  to  relate  the  physical  size  of 
the  aperture  to  the  wavelength  of  the  frequencies  of 
interest.  Since  most  of  the  energy  in  a  lightning  flash 
is  contained  in  the  frequencies  below  50  MHz  (A  =  0 
m)  it  follows  that  most  apertures  on  aircraft  are  small 
with  respect  to  wavelength. 


Another  way  to  distinguish  between  large  and 
small  apertures  is  to  relate  them  to  the  size  of  the 
aircraft.  With  a  small  aperture  one  may  logically  as¬ 
sume  that  the  calculations  of  the  external  response  of 
the  aircraft  (Chapter  10)  and  the  calculations  of  how 
much  energy  propagates  through  an  aperture  may  be 
treated  separately.  However,  if  the  aperture  is  large 
with  respect  to  the  aircraft,  then  it  will  have  an  ef¬ 
fect  on  the  external  response  of  the  aircraft  and  the 
calculations  of  external  and  internal  response  must  be 
done  together.  Examples  of  large  apertures  may  in¬ 
clude  the  windows  in  a  cockpit  or  dielectric  doors  on  a 
helicopter,  or  open  bomb  bay  doors  or  wheel  wells  on 
a  conventional  aircraft. 

12.2  Basic  Concepts 

Both  electric  and  magnetic  fields  couple  through 
apertures.  For  small  apertures,  it  is  convenient  to  de¬ 
termine  this  coupling  in  terms  of  the  external  electric 
and  magnetic  fields  which  would  exist  at  the  aperture 
location  if  the  aperture  were  closed  by  a  perfectly  con¬ 
ducting  surface.  These  fields  are  referred  to  as  the 
short  circuit  fields,  E,c  and  H,c>  which,  along  with 
the  geometry  of  the  aperture  are  used  to  determine 
the  magnitude  of  hypothetical  electric  and  magnetic 
dipoles  (equivalent  antennas)  which  are  placed  just  in¬ 
side  the  shorted  aperture.  The  process  is  shown  in 
Figs.  12.1  and  12.2. 


Fig.  12.1  Development  of  equivalent  electric 
field  dipole. 

(a)  Actual  electric  field 

(b)  Equi valent  dipole 
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where  m  =  l-(/j/Ji)a  and  K(m)  and  E{m)  are  elliptic 
integrals  of  the  first  and  second  kind  respectively. 

Eqs.  12.4  -  12.6  may  also  be  written  as: 

=  (12.7) 

“mu  —  G'my  *  (12.8) 

=  a't,  x  l\  (12.9) 

where  a'mx  a'mv  and  a't,  are  as  given  in  Pig.  12.5. 


(a)  (b) 

Fig.  12.2  Development  of  equivalent  magnetic 
field  dipole. 

(a)  Actual  magnetic  field 

(b)  Equivalent  dipole 


Analytically,  the  problem  has  two  parts;  first,  to 
find  the  strength  of  the  equivalent  dipole  and  second, 
to  evaluate  the  fields  produced  by  those  dipoles.  For 
the  analyses  to  follow,  assume  an  electric  and  a  mag¬ 
netic  field  to  exist  on  one  side  of  an  infinite  conducting 
sheet  containing  an  elliptical  aperture;  the  geometry 
being  as  shown  in  Fig.  12.3.  Because  the  surface  is 
conducting,  the  electric  field  must  be  oriented  at  right 
angles  to  the  surface,  along  the  Z  axis  in  this  case.  The 
magnetic  field  must  be  tangential  to  the  surface.  While 
it  could  be  oriented  in  any  direction  in  the  x,y  plane, 
it  can  be  resolved  into  two  components,  one  along  the 
X  axis  and  one  along  the  Y  axis.  An  elliptical  aper¬ 
ture  is  considered  because  it  is  the  most  general  of  the 
elementary  geometries.  For  this  analysis  the  long  axis 
of  the  ellipse  will  be  taken  to  be  along  the  X  axis  and 
the  origin  of  the  axes  to  be  at  the  center  of  the  ellipse. 

From  the  reverse  side  of  the  sheet,  Fig.  12.4,  there 
is  seen  one  equivalent  electric  field  dipole,  P,  and  two 
magnetic  field  dipoles,  Mx  and  My,  representing  the 
x  and  y  components  of  the  tangential  magnetic  field. 
The  amplitudes  of  these  dipoles  are' 


Mx  =  2  n0amxHx 

(12.1) 

Mv  -  2/l0“myffy 

(12.2) 

P  =  2«o  otttE, 

(12.3) 

where  amr,  amy  and  atl  are  polarizability  tensor  ele¬ 
ments  whose  magnitudes  depend  on  the  size  and  shape 
of  the  aperture.  For  the  elliptical  aperture,  and  follow¬ 
ing  the  treatment  of  Taylor  (12.6,  12.7]: 

ir  fjm 


»mi  = 


®mv  ~ 


12  K(m)  -  E(m) 

7r  fim(l  —  m) 

12  K(m)  —  E(m) 


(12.4) 


(12.5) 


Fig.  12.3  External  electric  and  magnetic  fields 
impinging  on  an  aperture. 

Since  the  dipole  strength  is  proportional  to  the 
cube  of  the  length  of  the  major  axis  of  the  aperture, 
it  follows  that  large  apertures  will  couple  much  more 
energy  into  an  inner  volume  than  will  small  apertures, 
the  strength  of  the  dipole  increasing  as  the  cube  of  the 
dimensions  of  the  aperture  while  the  area  of  the  aper¬ 
ture  increases  only  as  the  square  of  the  dimensions. 

Using  the  dipole  along  the  X  axis,  Mx,  as  an  ex¬ 
ample, the  pattern  of  the  magnetic  fields  in  the  interior 
region  will  be  concentric  closed  loops  lying  in  planes 
passed  through  the  X  axis,  Fig.  12.6.  At  any  point  P , 
the  total  magnetic  field  can  be  represented  as  a  vector 
normal  to  the  radius  vector  r  between  the  dipole  and 
P  and  lying  in  the  plane  defined  by  point  P  and  the 
X  axis. 
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Big.  12.4  Equivalent  dipoles  illuminating 
an  interior  volume. 


Fig.  12.5  Shape  factors  for  elliptical  apertures. 


Likewise,  the  magnetic  field  due  to  the  My  dipole 
can  be  defined  as  a  vector  lying  in  the  plane  defined 
by  P  and  the  Y axis. 

The  pattern  of  the  electric  field  due  to  the  P 
dipole  will  be  concentric  loops  originating  at  the  dipole 
and  terminating  on  the  plane  containing  the  aperture. 

The  above  describes  the  pattern  of  the  static 
fields.  If  the  fields  change  with  time  there  will  also 


Fig.  12.6  Field  patterns  produced  by  a  dipole 
lying  along  the  X  axis. 


be  magnetic  fields  produced  by  the  changing  electric 
fields  and  electric  fields  produced  by  the  changing  mag¬ 
netic  fields.  In  the  frequency  domain,  and  following 
the  treatment  in  [12.8],  the  electric  and  magnetic  fields 
can  be  described  succinctly  as 

Et  =  -^-V  x  [j Pf  x  VGf]  +jufi0Mf  xVGf 

(12.10) 

Hf  =  MPf)  x  V  Gf  V[Mf  x  VGf),  (12.11) 
where 


Gf  —  e~",r/*nr  (12.12) 

r  =  the  distance  to  the  point  of  observation 
7  =  propagation  constant(§9.4.6)  (12.13) 

Pt  =  electric  dipole 
Mt  =  the  total  magnetic  dipole 
(the  sum  of  Mx  and  My) 

V  =  vector  differential  operator. 


Pf  and  Mf  are  vector  quantities. 

In  the  time  domain,  E  and  H  are  given  by 


Et  = 


4jt«o 


Vx 


1 


Pt  X  tig  X  Ur|  «M(  X  Ur 


4tt  r2 


(12.14) 


1  1 


Ht  =  T - ^P)tu,  X  Ur  +  7~V  X  -rA/|  X  U 

47re0  r2  4»r  I  r* 


(12.15) 
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where  u,  is  the  unit  vector  perpendicular  to  the  plane 
of  the  aperture,  and  the  dot  represents  time  differen¬ 
tiation.  Note  that  the  equations  neglect  the  radiated 
far  field  components. 

12.3  Apertures  of  Shape  Other  than 
Elliptical 

If  the  aperture  under  consideration  is  not  ellipti¬ 
cal,  a  corresponding  elliptical  aperture  can  generally 
be  specified,  as  shown  in  Fig.  12.7.  The  equivalent 


(a) 


aperture  would  have  the  same  area  and  the  same  ec¬ 
centricity  as  those  of  the  aperture  under  study. 

Polarizabilities  for  many  shapes  have  been  deter¬ 
mined  numerically  and  analytically.  Table  12.1  and 
Figs.  12.8  -  12.10  from  [12.2]  show  examples. 


Fig.  12.7  Equivalent  apertures. 

(a)  Rectangular  aperture 

(b)  Irregular  aperture 


Table  12.1 


Aperture  Polarizabilities 


Shape 

ae,zz 

°m,xx 

°«,yy 

Circle 

(d  "  Diameter) 

1,3 

12  d 

£<3 

Id3 

6  d 

Ellipse* 

2. 

r  w  ft 

24  ElHT 

*  t3« 

ir  l3m 

IS  K(n)  -  E(m) 

(£/w)2E(m)  -  K(m) 

Marrow  Ellipse 
(w  «  1) 

*  2. 

27W  1 

w  l3 

24  ia(4£/v)  - 1 

Narrow  Slit 
(w  «  i) 

bb 

■Ml 

BuEssosiHi 

*  Ellipse  eccentricity  e«  Vi  *  (w//)2, 


x 


K  and  E  are  the  complete  elliptic  integrals  o!  the  first  and  second  kind,  m 


e8. 


S  I  S']  »*|  S 
|iu| 


Fig.  12.8  Shape  factors  for  various  apertures. 

(a)  Shapes 

(b)  Normalised  electric  field  polarizability 

(c)  Normalized  magnetic  field  polarizability 
for  X  direction 

(d)  Normalized  magnetic  field  polarizability 
for  Y  direction 


Fig.  12.9  Normalized  magnetic  (imaged)  polar¬ 
izabilities  for  elliptical,  rectangular 
and  rounded  rectangular  apertures. 


Fig.  12.10  Normalized  magnetic  (imaged)  polar¬ 
izabilities  for  three  aperture  shapes. 

12.4  Treatment  of  Surface  Containing 
the  Aperture 

Some  formulations  defining  polarizability,  and 
thus  the  strength  of  the  dipoles,  use  a  factor  of  24 
in  the  numerator,  rather  than  the  factor  12  used  in 
Eqs.  12.4  -  12.6.  Table  12.1  and  Figi.12.8  -  12.10 
are  examples.  This  difference  occurs  because  there  are 
two  different  approaches  to  treating  the  dipoles.  One 
is  to  consider  the  surface  to  be  absent  and  the  dipoles 
to  be  located  in  free  space.  The  location  of  the  surface 
containing  the  aperture  is  then  used  only  to  divide 
the  exterior  and  interior  regions;  calculations  being 
made  only  for  the  interior  region.  The  other  approach 
is  to  consider  the  surface  containing  the  aperture  to 
be  present  and  acting  as  a  reflecting  surface  with  tire 
dipole  located  just  in  front  of  the  surface. 


With  the  first  approach,  the  strength  of  the 
dipoles  would  be  as  given  by  Eqs.  12.4  -  12.6,  using  the 
factor  12  in  the  numerator.  With  the  second  approach 
the  strength  of  the  dipoles  would  be  half  that  given  by 
Eqs.  12.4  -  12.6  (factor  of  24), but  calculations  of  field 
strength  would  have  to  consider  the  presence  of  the 
reflection  in  the  surface  of  the  dipoles;  the  effect  of  the 
reflection  being  to  double  the  total  field  strength  and 
restore  the  toted  dipole  strength  to  that  given  by  Eqs. 

12.4  -  12.6.  The  two  approaches  give  the  same  an¬ 
swer,  but  the  second  approach  is  the  more  physically 
correct,  particularly  when  treating  apertures  defined 
by  two  or  more  surfaces,  a  subject  considered  in  more 
detail  in  Section  12.6. 

12.5  Fields  Produced  by  the  Dipoles 

While  Eqs.  12.10  and  12.11  or  Eqs.  12.14  and 
12.15  succinctly  define  the  fields  produced  by  the 
dipoles,  they  must  be  expanded  in  order  to  obtain  nu¬ 
merical  results. 

12.5.1  Complete  Formulation  -  Frequency 
Domain 

The  complete  formulation  [12.6,  12.7]  of  the  fields 
produced  by  the  dipoles  (neglecting  the  far  field  radi¬ 
ation  component)  is,  in  the  frequency  domain: 

From  tho  magnetic  dipole  along  the  X  axis: 

E„  -Fl(-*0+j/r)i  (12.16) 


E„~Fl(-*0+j/r)j  (12.17) 


+  (l2-20) 


where 

FI  -  (12.21) 

k'm37W-  (l222> 
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From  the  magnetic  dipole  along  the  Y  axis: 


E„  -  (12.23) 

E„  =  F2  (-h, +>fr)~  (12.24) 

H„  =  2F2^+l)f 

-«(2'T  +  ^-‘0S  (1“5) 

H„  =  2P2(;^  +  i)^ 

+  ”(>T  +  h-k}y-J?-  <1226) 

H„.2F2^  +  i)Sf 

-f2(4  +  i-«)g  (12.27) 


where 


F2  =  ^e>*"r. 
4irr 


(12.28) 


From  the  electric  dipole  along  the  Z  axis: 

+  «(>7  +  3  -*•’)?  <>2.2») 

+  «(l7  +  ^-‘.’)?T  <>2.30) 

*„-»«(>£ +  £)l| 

(12.31) 

(12.32) 

H„  (12.33) 


E„  =»  2F3( 


(12.32) 

(12.33) 


where 


F3  m  -i— e'*»r 
4xeor 

rfokpPo 


(12.34) 

(12.35) 


The  x,  y  and  z  components  of  the  total  magnetic 
field  strength  at  P  would  be  the  sum  of  the  components 
produced  by  the  dipoles  lying  along  the  X  and  y  axes: 

Hx  =  HtI  +  Hiy  (12.36) 

Hy  =  Hyl  +  Hyy  (12.37) 

Ht  =  Htt  +  Hzy.  (12.38) 

The  total  magnetic  field  at  point  P  would  be: 


Hr  =  J  HI  +  HI  +  HI 


(12.39) 


12.S.2  Lew  frequency  Approximation 

At  low  frequencies,  where  the  k0  term  is  negligible, 
the  equations  are  simplified. 

From  tha  magnetic  dipols  located  along  tha  X  axis: 


E„=  0 
Ett  =0 


H„m 


Mr 

3x2  - 

4x 

r5 

Mr 

3xy 

4»r 

r® 

M, 

r3xr 

4s- 

r®  , 

(12.40) 

(12.41) 

(12.42) 

(12.43) 

(12.44) 


From  tha  magnetic  dipole  located  along  the  Y  axis: 


EXy  “  0 
E,u  =  0 


(12.45) 

(12.46) 


(«■«) 

.a*. 

'iff ]  •  ,12'49) 

From  the  electric  dipole  located  along  the  Z  axis: 


P  f3** 


r  ?  f3»* 

57 

H,  ,-0 
Hy,  "»  0 
H„  -  0. 


(12.50) 

(12.51) 

(12.52) 

(12.53) 

(12.54) 

(12.55) 
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An  example  of  an  aperture-coupled  field  is  shown 
in  F*g.  12.11  in  which  the  elliptical  fuselage  described 
in  Section  10.5.4  has  been  approximated  by  two  sheets 
of  infinite  size,  one  containing  the  aperture  and  an¬ 
other  serving  as  the  reflecting  surface.  The  figure 
shows  only  the  top  hr, If  of  the  field  pattern,  the  field 
in  the  bottom  half  being  symmetrical  with  the  top 
half.  The  aperture  considered  was  0.2  m  high  by  0.1 
m  wide,  the  long  axis  of  the  ellipse  being  oriented  at 
right  angles  to  the  plane  of  the  figure.  The  short  cir¬ 
cuit  field  strength  (the  field  that  would  exist  if  the 
aperture  were  not  there)  was  taken  as  100  A/m,  the 
field  strength  that  would  be  produced  by  the  afore¬ 
mentioned  current  of  1000  A  flowing  axially  along  the 
elliptical  fuselage  The  field  strength  that  would  exist 
at  the  aoerture  was  80  A/m,  half  of  the  short  circuit 
field. 

The  field  strength  is  seen  to  be  inversely  propor¬ 
tional  to  the  cube  of  the  distance  from  the  aperture 
to  the  point  in  question.  Accordingly,  the  aperture 
coupled  fields  will  be  localised  in  spac**  near  the  aper¬ 
ture.  Small  apertures  are  thus  less  troublesome  than 
large  apertures,  both  because  of  the  decreased  mag¬ 
netic  field  strength  associated  with  the  corresponding 
dipole  and  because  of  the  lesser  distance  one  must  be 
removed  from  the  aperture  before  the  field  strength  be¬ 
comes  negligible  compared  to  the  field  strength  near 
the  aperture. 


Fig.  12.11  Fields  coupled  through  an  aperture. 

Major  axis  oriented  vertically 
(0.3  x  0.1  m  aperture). 

12.5.3  Limitations 

The  above  formulation  is  valid  only  when  the 
point  at  which  the  field  is  to  be  calculated  is  at  a  dis¬ 
tance  from  the  aperture  that  is  large  compared  to  the 


dimensions  of  the  aperture.  If  an  attempt  is  made  to 
calculate  the  fields  near  the  aperture  the  results  will  be 
too  high,  becoming  infinite  at  zero  distance  from  the 
plane  of  the  aperture.  Correction  factors  [12.9]  may  be 
applied  to  the  above  equations  if  the  distance  from  the 
aperture  is  not  large,  Fig.  12.12  showing  an  example. 
Formulations  of  the  problem  can  also  be  devised  that 
are  not  based  on  the  use  of  infinitesimal  dipoles,  but 
a  simple  rule  of  thumb  is  to  recognize  that  the  field  at 
the  plane  of  the  aperture  cannot  be  greater  than  half 
the  magnitude  of  the  short  circuit  field  and  simply  to 
ignore  numerical  answers  that  are  larger. 


Fig.  12.12  Correction  factors  for  a  circular  aperture, 
(a)  In  terms  of  l/R0 
lb)  In  terms  of  h/Rc 
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12.6  Reflecting  Surfaces 

frequently  a  calculation  made  to  determine  the  ef¬ 
fects  of  coupling  through  apertures  needs  to  take  into 
account  the  presence  of  reflecting  surfaces.  The  sim¬ 
plest  case,  shown  in  Fig.  12.13,  treats  one  reflecting 
surface  of  infinite  extent  and  parallel  to  the  surface 
containing  th  '  aperture.  The  total  field  at  any  point 
between  the  two  surfaces  is  the  sum  of  the  fields  pro¬ 
duced  by  the  infinite  array  of  images  of  the  original 
magnetic  dipole.  T  he  field  strength  from  each  of  the 
images  would  again  be  determined  from  Eqs.  12.16 
through  12.55.  Fortunately,  in  most  cases  only  a  few 
of  the  images  need  be  considered  because  of  the  de¬ 
pendence  of  field  strength  on  the  cube  of  the  distance 
to  the  point  Under  consideration.  The  presence  of  re¬ 
flecting  surfaces  will  never  cause  the  fields  to  be  more 
than  double  the  value  due  to  the  aperture  by  itself,  ah 
observation  that  may  make  calculating  the  effects  of 
reflecting  surfaces  an  unnecessary  exercise. 

In  principle,  additional  reflecting  surfaces  could 
be  included  in  the  formulation  to  define  completely  an 
interior  volume.  Such  reflecting  surfaces  are  shown  in 
Fig.  12.14. 


WWACi  WITH 

AttftrUM  — * 

0 

.  WMCT1NO  SUMACI 

f 

JMAOCOM 

\  IMAOIOM 

(AAAOCOF3 

♦  t » 

1 

|  f2 

*4  ♦ 

1  1 

Z  ■  -40  Z  ■  K> 

Z  -6 

1  Z  -  JO 

1 

Z  -40  2-40 

Fig.  12.13  Reflecting  surface. 


an  equivalent  circuit  of  the  aperture,  inserting  that 
circuit  into  the  cable  and  solving  for  the  response  of 
the  cable.  Fbr  this  illustration,  the  aperture  will  be 
considered  circular.  The  geometry  of  the  situation  is 
shown  in  Fig.  12.15.  A  cable  having  a  characteristic 
surge  impedance  2  is  located  at  height  h  above  the 
surface  containing  the  aperture  and  at  a  distance  w 
from  the  aperture.  The  surge  impedance  is 

Z  =  sfTfC  (12.56) 

cs 601n(2ft/a).  (12.T7) 
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Fig.  12.14  Multiple  reflecting  surfaces. 


12.7  Coupling  from  an  Aperture  to  a  Cable 

If  there  is  a  cable  in  the  space  illuminated  by  the 
aperture,  voltages  and  current  will  be  induced  into 
that  cable.  They  can  be  determined  by  developing 


An  equivalent  circuit  of  the  aperture  is  shown  in 
Fig.  12.16.  There  are  two  aspects  of  the  equivaleut 
circuit  that  must  be  considered,  the  first  being  to  de¬ 
termine  the  equivalent  generators  Vtq  and  Ieq.  The 
second  is  to  determine  the  effect  that  the  aperture  has 
on  the  inductance  and  capacitance  cf  the  cable.  In  an 
elementary  geometry,  the  inductance,  capacitance  and 
suigt  impedance  of  the  cable  will  be  governed  by  the 
spacing  between  the  cable  and  the  adjacent  ground 
plane,  such  as  the  conducting  surface  containing  the 
aperture.  In  the  region  near  the  aperture  the  cable 
will,  effectively,  be  farther  from  \.he  ground  plane,  and 
so  will  have  a  somewhat  larger  inductance  and  a  some 
what  smaller  capacitance.  One  could  determine  the 
pattern  of  the  electromagnetic  fields  around  the  cable 
and  so  determine  the  localized  inductance  and  capac¬ 
itance,  but  it  is  easier  to  consider  the  cable  to  have  a 
constant  impedance  and  to  account  for  these  effects  by 
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including  an  aperture  inductance  La  and  an  aperture 
capacitance  Ca  ip  the  equivalent  circuit  of  the  aper¬ 
ture.  The  capacitance  is  negative.  Except  for  cables 
directly  over  the  aperture,  the  aperture  inductance  and 
capacitance  are  usually  small  enough  that  they  can  be 
ignored. 


the  distance  to  the  cable  is  several  times  the  length  of 
the  aperture.  If  the  cable  is  to6  close  to  the  aperture 
for  Eqs.  12.58  -  12.61  to  be  valid,  then  correction 
factors,/,,  for  the  sources  may  be  used  [12.10]: 

Vtq  —  f»Vtq—\ •mall  hole  (12.62) 

leg  —  ftltq- small  hole-  (12.63) 


V«q  L eq 


external  circuit 


1 

1 

1 

1 

fc< 

C.q? 

^0 

pi.. 

Fig.  12.16  Equivalent  circuit  of  an  aperture. 


The  approaches  given  in  [12.9  -  12.12]  provide  an 
upper  bound  estimate  to  the  equivalent  generators  and 
the  inductance  and  capacitance  due  to  the  aperture. 
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'  h  ‘ 

uz  ’ *  Hrc 

(12.58) 
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(12.59) 
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(12.60) 
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*  r 

*■7*0  j 

(12.61) 

where  Zq  —  377  ohms,  the  impedance  of  free  space. 

It  should  be  noted  that  these  estimates  are  valid  if 
the  aperture  is  small  with  respect  to  wavelength,  and  if 


Correction  factors  for  a  circular  aperture  were  shown 
in  Fig.  12.12. 

The  upper  bound  approach  has  been  demon¬ 
strated  experimentally  [12.13].  A  wire  having  a  surge 
impedance  of  240  ohms  and  terminated  at  each  end  in 
240  ohms  was  placed  adjacent  to  a  circular  aperture 
having  a  diameter  of  0.1  m.  A  magnetic  field  having 
a  short  circuit  current  density  as  shown  in  Fig.  12.17 
was  established  around  the  aperture  and  the  voltage 
and  current  induced  on  the  wire  were  measured.  Mea¬ 
sured  ( Im )  and  calculated  (Ic)  values  of  current  for 
various  values  of  h  and  w  (Fig.  12.17)  are  shown  in 
Table  12.2.  Also  shown  is  the  ratio  of  Jc//m.  The 
table  indicates  that  the  calculated  values  are  indeed 
upper  bounds  and  that  the  ratio  is  much  bigger  where 
the  wire  is  very  close  to  the  aperture. 


Fig.  12.17  Surface  current  density  at  aperture. 


Table  12.2 


Measured  Currents  and  Calculated  Upper  Bounds 
For  an  Aperture  Radius  of  0.1  in  and  a  240  Ohm  Transmission  Line 
Terminated  in  240  Ohms  at  Each  End 


h 

(m) 

W 

(m) 

(measured 

(ma) 

(calculated 

(ma) 

«r  j 

3  o 

0.007 

0 

48 

1400 

29.2 

0.050 

0 

22 
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8.9 
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0 
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0.23 

0.3 

1.3 

4.3 

0.23 

2.8 

15.6 

5.6 

0.200 

0.23 

3.8 

21.2 

5.6 
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It  is  also  possible  to  derive  less  accurate  (and  more 
severe)  upper  bounds  for  the  equivalent  sources  of  Fig. 
12.16,  based  on  much  simpler  estimates.  These  are 
based  on  calculating  the  effective  aperture  inductance 
and  capacitance,  respectively.  They  can  be  derived  by 
assuming  that  the  aperture  equivalent  magnetic  and 
electric  dipole  moments  arise  from  a  linear  distribution 
of  magnetic  and  electric  currents  on  a  dipole  of  finite 
length.  The  term  “linear  distribution'1  means  that  the 
current  is  maximum  at  the  center  of  the  dipole  and 
falls  off  linearly  to  zero  at  the  ends.  The  equivalent 
sources  are: 
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<Ca 


dJt 


dt 

dEtcc 
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2fi0an 


lm 

&czz 
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(12.64) 

(12.66) 

(12.66) 

(12.67) 


Eq.  12.66  pertains  to  current  flowing  in  the  x  direction 
and  lm  is  the  length  of  the  aperture  in  the  y  direction; 
that  is,  in  the  direction  normal  to  the  flow  of  current. 
A  similar  equation  could  be  written  for  current  flowing 
in  the  y  direction  with  lm  pertaining  to  the  length  of 
the  aperture  in  the  x  direction. 

In  Eq.  12.67,  l  is  the  smaller  dimension  defining 
the  aperture,  that  is,  I2  in  Fig.  12.5  or  tv  in  Table  12.1. 

12.8  Slots 


The  coupling  through  slots,  cracks,  or  other  nar¬ 
row  gaps  in  the  aircraft  skin,  may  be  analyzed  by  treat¬ 
ing  each  as  a  slot  antenna,  as  in  Fig.  12.18.  Since  the 
slot  antenna  is  the  electromagnetic  counterpart  of  the 
strip  dipole,  its  characteristics  can  be  found  from  the 
characteristics  of  the  strip  dipole.  If  the  slot  is  snort 
relative  to  the  wavelength  of  the  external  field,  the 
relevant  equations  [12.14]  are  as  follows: 

The  fatness  parameter  for  strip  dipoles  is  given  by 

ft  =  21n  — .  (12.68) 

w 

For  large  fatness,  the  effective  height  of  the  slot  or  its 
complementary  dipole  is 

fc.Ulot)  =  &e(rtipo!«)  =  g'  (12.69) 

Then  the  short-circuit  current  is 


t  ' 


Cdipeit  ~  1.8  x  101® (ft  •-3.39)'  ,  (12J1) 

for  h  in  meters. 

The  impedance  of  the  slot  antenna  is  related  to. 
the  impedance  of  the  strip  dipole  by: 

(60*ft)2 

"•lot  “7fT  ‘ 

"dipolo 

_  (6Q^ft)? 

l/(ju.’C<Jip0l«) 

~  (60~ft)2  jwCdipole 

Hence,  the  impedance  of  the  slot  antenna  is  inductive. 

To  calculate  the  coupling  to  internal  cables,  one 
can  use  Z, lot  iu  £q.  12.74  as  a.  transfer  impedance 
and  It c  as  one  half  of  the  current  intercepted  by  the 
slot.  Then,  VJm  =  Z,|ot 4c  gives  the  internal  voltage 
rise  across  the  slot.  This  voltage  rise  is  an  upper  bound 
and  can  be  used  a.  point  source  to  drive  interna]  cavities 
or  cables. 
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Fig.  12.18  Slot  antenna. 

(a)  Slot  in  a  conducting  sheet 

(b)  Equivalent  circuit 

(c)  Complementary  strip  dipole 

(d)  Equivalent  circuit 


12.9  Seams 


I,c  =  2heJv.  (12.70) 

The  impedance  of  the  strip  dipole  is  capacitive 
and  given  by 


On  pn  aircraft,  seams  are  formed  when  sections 
of  skin  are  joined  together  by  rivets  or  other  fasteners. 
Other  seams  may  be  formed  by  wheel  well  or  bomb  bay 
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doors,  in  which  case,  long  thin  open  slots  are  created. 
The  coupling  through  such  seams  is  on  the  borderline 
between  the  aperture  coupling  described  in  this  chap¬ 
ter  and  the  diffusion  coupling  described  in  'Chapter  11. 

Coupling  into  seams  may  be  discussed  in  terms 
of  Fig.  12.19,  which  shows  a  lightning  current  of  den¬ 
sity  J,  flowing  across  the  seam.  The  current,  flowing 
through  the  transfer  impedance  of  the  seam  creates  a 
voltage  rise  on  the  interior  surface.  Transfer  imped¬ 
ance  typically  has  two  components:  a  resistive  compo¬ 
nent  due  to  the  flow  of  current  through  resistive  films 
or  through  resistive  fas  ieners  and  an  inductive  compo¬ 
nent  due  to  leakage  of  magnetic  fields.  The  resistive 
component  generally  predominates  when  overlapping 
''  metal  surfaces  are  joined  permanently  with  rivets  or 
bolts.  With  surfaces  that  are  easily  separable,  such 
as  access  panels  providing  entry  to  equipment  bays, 
the  inductive  component  may  predominate,  An  im¬ 
pedance  proportional  to  the  square  root  of  frequency 
is  frequently  observed  if  the  faying  surfaces  make  good 
metal-to-metal  contact  and  the  seam  is  fastened  with 
multiple  tightly  fitting  rivets  [12.15].  Such  an  imped¬ 
ance  is  characteristic  of  the  diffusion  coupling  mecha¬ 
nism  discussed  in  Chapter  11. 


seam  impedance  Zb 


INDUCTIVE  SEAM:  V 


•  B,m  TRANSFER  RESISTANCE  Trans(tf 


/  Impedance  Z, 


•  L,  -  TRANSFER  INDUCTANCE 


V,  ACTS  AS  A  SOURCE  WHICH  DRIVES  INTERIOR  OF 
SHIELDED  VOLUME 


Fig.  12.19  Seams  and  joints. 


Seam  impedances  have  amplitudes  in  the  range 
10“®  to  1  ft  •  m,  with  typical  values  on  the  order  of 
10~ 3  ft  •  m.  The  lowest  resistance  is,  of  course,  asso¬ 
ciated  with  the  most  tightly  joined  contacts. 

12.10  Incorporation  of  Seam  Impedances  into 
Numerical  Solutions 


The  concept  of  seam  impedances  can  easily  be 
used  to  calculate  internal  fields  in  cavities  with  the  3D 
finite  difference  technique.  Fbr  example,  for  a  seam 
with  resistive  and  inductive  components,  the  potential 
across  the  seam  is: 


_  ( Ldj./dt  +  R,J.) 

Et  =  - - - 


(12.75) 


where 

Et  —  transverse  electric  field  in  the  joint 
L  —  seam  inductance 
R  =  seam  resistance 
A,  =  finite  difference  cell  size 


These  values  of  E  in  the  seam  aperture  create  a 
boundary  condition  on  electric  fields  which  is  used  to 
solve  Maxwell’s  finite  difference  equations.  Because  of 
the  finite  cell  size  needed  in  this  type  of  code,  the  fields 
within  one  or  two  cells  away  from  the  aperture  are  not 
accurately  modeled,  but  the  fields  further  than  that 
are  accurately  modeled.  There  are  examples  of  com¬ 
parisons  of  this  method  to  experiment  for  nuclear  elec¬ 
tromagnetic  pulse  coupling  to  shelters,  with  excellent 
agreement  [12.16  -  12.18]. 


12.11  Analysis  of  Complex  Apertures 

Classical  methods  (integral-equation  techniques, 
small  hole  theory)  of  analyzing  apertures  are  con¬ 
founded  by  the  presence  of  irregularly-shaped  cavities 
which  contain  conductors.  It  appears  that  numerical 
techniques  provide  the  best  hope  for  solving  realistic 
geometries,  These  techniques,  such  as  the  finite  differ¬ 
ence  method,  can  solve  irregular  geometries.  A  pos¬ 
sible  limitation,  however,  is  that,  in  order  to  resolve 
small  geometrical  features,  small  grid  size  and  time 
steps  must  be  used,  which  may  place  unreasonable  de¬ 
mands  on  computer  resources. 

There  are  techniques,  however,  which  can  be  used 
to  solve  the  aircraft  external  interaction  response  with 
a  large  grid,  and  then  use  the  large  grid  results  to 
solve  a  small  subset  (e.g.,  an  aperture)  of  the  aircraft 
with  a  smaller  grid  which  can  resolve  the  geometrical 
details.  Three  approaches  are  presented  here:  a  tech¬ 
nique  based  on  the  equivalence  principle;  an  approxi¬ 
mate  technique  based  on  the  uniqueness  theorem;  and 
a  nested  subgrid  approach. 
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12.11.1  Equivalence  Principle 

The  equivalence  principle  is  discussed  in  [12.19]. 
Consider  the  generalized  conducting  body  containing 
a  cavity  backed  aperture,  Fig.  12.20.  Let  S  be  the  sur¬ 
face  of  the  body,  S\  be  the  surface  of  the  aperture,  and 
V  and  V\  be  the  volume  of  the  body  and  the  enclosed 
cavity,  respectively.  The  field  everywhere  is  broken 
into  three  components: 


These  produce  the  Ep ,  Hp  component  of  the  fields 
outside  S  with  no  field  inside.  If  these  two  components 
are  added  together,  the  resultant  current  densities, 

=  +  j; 

=  (H  -  Hp)  x  n  (12.82) 

M\  =  M,  +  Mp 

=  n  (E  —  Ep),  (12.83) 


E  =  Ei  +  E,+Ep  (12.76) 

H  rn  H{  +  H 1  +  Hp  (12.77) 

where  E,  H  is  the  total  field,  E\  H'  is  the  incident 
field  produced  by  a  distant  source,  E\  H*  is  the  field 
scattered  by  the  body  with  no  aperture  and  no  cavity 
present,  and  Ep,  Hp  is  the  “perturbed  field”  -  the 
difference  between  the  scattered  field  with  and  without 
the  aperture  and  cavity  present. 

n 


According  to  the  equivalence  theorem,  the  surface 
electric  and  magnetic  current  densities, 


J,  =  Hxn  (12.78) 

M,  =  n  x  E,  (12.79) 

if  they  are  introduced  in  the  surface  S  in  place  of  the 
distant  source,  will  produce  the  correct  E ,  H  field 
inside  5,  and  zero  field  outside  [12.20].  Here,  the 
medium  inside  S  is  the  medium  of  the  body  includ¬ 
ing  the  cavity  behind  the  aperture. 

Because  the  polarization  and  conduction  currents 
that  are  responsible  for  the  Ep,  Hp  components  of 
the  fields  are  contained  within  5,  one  can  also  define 
surface  current  densities; 


Jp  =  nx  Hr  (12.80) 

Mp  =  Ep  x  n.  (12.81) 


distributed  over  S,  produce  the  correct  total  field  in¬ 
side  S  (E  andH)  and  the  perturbed  field  (Ep  and  Hp) 
outside  5.  Substituting  Eqs.  12.80  and  12.81  into  Eqs. 
12.82  and  12.83  yields: 


J1,  =  (H*  +  H‘)  x  n  (12.84) 

=  n  x  (E<  +  E‘).  (12.85) 

Considerable  simplification  in  these  formulas  can 
be  made;  first,  because  E'  +E’  =  0  on  a  good  conduc¬ 
tor,  and  second,  because  J1,  impressed  on  the  surface 
of  the  conductor  produces  no  field  (by  application  of 
the  reciprocity  theorem).  Therefore  the  correct  “total 
field”  (E,H)  inside  the  cavity  and  the  correct  “per¬ 
turbed  field”  outside  the  body  (EP,HP),  are  obtained 
by  impressing  a  source  current  J'  =  (//,»„,  c)  *  n  over 
the  aperture  Si  in  the  body. 

12.11.2  Uniqueness  Theorem 

Fig.  12.21  illustrates  the  uniqueness  theorem. 
The  approach  is  to  first  solve  for  the  external  interac¬ 
tion  response  of  the  aircraft  with  a  large  grid,  all  aper¬ 
tures  being  closed.  Then,  a  region  around  the  aperture 
is  defined  and  the  initial  fields  within  the  region  R  and 
the  boundary  fields  (for  all  time)  are  stored.  Next,  a 
second  problem  is  solved  in  which  only  the  aperture 
and  the  region  R  are  represented,  but  with  a  much 
finer  grid  size. 

Htsn 


Fig.  12.21  Illustration  of  uniqueness  theorem. 


Advantages  and  disadvantages:  The  main  advantage 
of  this  approach  is  that  the  solution  does  not  require  a 
radiation  boundary  (as  does  the  equivalence  principle 
approach)  and  this  greatly  eases  the  computer  require- 
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ments.  The  disadvantage  of  the  approach  is  that  it  is 
an  approximation  which  assumes  that  the  boundary 
fields  do  not  not  significantly  depend  on  the  presence 
or  absence  of  the  aperture.  Considering  the  degree 
to  which  the  external  fields  produced  by  lightning  are 
truly  known  in  the  first  place  (as  opposed  to  precisely 
calculated)  this  may  not  be  much  of  a  practical  diffi¬ 
culty. 

Steps  in  the  process:  The  analytical  procedure  con¬ 
sists  of  three  main  steps.  The  first  step  is  to  short 
the  aperture  and  solve  for  the  fields  external  to  the 
aircraft.  This  is  done  with  a  three-dimensional  finite- 
difference  code  using  a  rather  coarse  gridding.  At  each 
step  of  the  finite-difference  code,  the  fields  on  a  surface 
surrounding  the  eventual  position  cf  the  aperture  are 
stored.  These  stored  fields  are  necessary  to  determine 
boundary  conditions  when  the  aperture  is  opened. 

The  second  step  is  to  shrink  the  gridding  down 
to  a  size  that  is  compatible  with  adequate  modeling 
of  the  aperture.  Hence  it  should  be  fine  enough  that 
several  grid  points  fall  within  the  now  open  aperture. 
The  stored  fields  from  step  one  serve  as  boundary  con¬ 
ditions  for  the  finer  grid. 

Shrinking  the  grid  introduces  two  problems.  The 
first  is  that  the  finer  grid  has  more  points  on  its  bound¬ 
ary  than  the  coarse  grid  that  was  stored,  so  it  is  neces¬ 
sary  to  interpolate  for  the  additional  points.  Secondly, 
the  finer  gridding  usually  demands  a  smaller  time  step 
in  the  finite  difference  process;  thus  interpolation  be¬ 
tween  stored  time  steps  is  necessary. 

The  third  step  in  the  analytic  procedure  is  to 
again  solve  for  the  fields  inside  the  cavity  in  a  finite- 
difference  fashion  using  the  finer  grid  and  the  stored, 
interpolated  boundary  conditions.  The  uniqueness 
theorem  implies  that  the  internal  fields  are  correct, 
assuming  that  the  presence  of  the  aperture  does  not 
significantly  affect  the  boundary  fields.  This  approxi¬ 
mation  should  be  valid  if  the  boundary  is  kept  far  from 
the  aperture. 

Example:  Calculations  have  been  done  employing  the 
uniqueness  theorem  to  solve  for  a  cable  response  inside 
a  C-130  aircraft  struck  by  lightning  [12.21].  The  ex¬ 
ample  presented  here  is  for  a  cable  in  the  cockpit.  The 
code  used  to  solve  for  the  external  fields  is  a  three- 
dimensional  finite  difference  code  discussed  in  [12.21]. 
The  boundary  chosen  for  the  example  is  shown  in  Fig. 
12.22  and  the  cockpit  window  aperture  is  the  hatched 
area  in  the  figure.  A  three-dimensioned  finite  differ¬ 
ence  code  was  used  to  solve  for  fields  at  various  points 
inside  the  cockpit,  and  incorporated  a  cable  bundle 
two  inches  in  diameter  running  vertically  in  the  cock¬ 
pit  1.3  meters  behind  the  window,  Matching  resistors 
were  placed  on  the  ends,  and  the  voltage  and  current 


at  the  top  end  of  the  wire  were  calculated.  The  cable 
bundle  was  incorporated  by  standard  finite  difference 
thin  wire  techniques  [12.20].  The  example  was  run  for 
three  lightning-current  waveshapes,  all  injected  at  the 
nose  of  the  aircraft,  exiting  the  tail,  and  of  peak  mag¬ 
nitude  53  kA.  The  three  waveshapes  had  rise  times  of 
30,  90,  and  200  ns. 


Fig.  12.22  Geometries  to  illustrate  coupling 
into  a  cockpit. 

(a)  To  determine  external  environment 

(b)  To  determine  coupling  through  window 

It  was  expected  that  the  largest  response  would  be 
seen  inside  the  cockpit  for  the  30  ns  pulse  because  its 
high-frequency  components  should  most  easily  pene¬ 
trate  the  aperture.  This  proved  to  be  the  case.  Fig. 
12.23  shows  the  voltage  at  the  top  end  of  the  wire  while 
Fig.  12.24  shows  the  current.  For  clarity,  only  the  re¬ 
sponses  to  30  ns  and  90  ns  currents  are  shown.  Since 
the  calculation  assumed  the  wire  to  be  terminated  in 
its  characteristic  resistance,  the  voltage  is  quite  high, 
sufficiently  high  in  fact  that  an  arc  through  nearly  a 
foot  of  air  could  be  expected  were  that  voltage  actually 
to  be  developed. 

In  real  aircraft  such  arcs  do  not  occur  since  any 
realistic  cable  bundle  would  have  wires  and  shields  that 
would  form  short  circuits.  The  current  shown  on  Fig. 
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12.24,  however,  is  probably  a  realistic  estimate  of  the 
current  that  would  flow  on  such  short  circuits. 

The  voltage  and  current  are  oscillatory  at  frequen¬ 
cies  that  can  be  related  to  the  dimensions  of  the  cock¬ 
pit.  More  than  one  frequency  appears  in  the  response 
since  the  cockpit  cavity  can  exhibit  several  different 
modes  of  oscillation.  Cavity  oscillations  are  discussed 
further  in  Section  12.12. 


Fig.  12.23  Voltage  on  wire  inside  cockpit. 


•  u  im  no  nt  lit 

Time  (ns) 

Fig.  12.24  Current  on  wire  inside  cockpit. 


known,  but  it  has  been  applied  with  good  results  to 
the  resolution  of  fine  structures  on  aircraft  for  the  ex¬ 
ternal  coupling  problem  [12.22  -  12.24].  The  concept 
is  illustrated  in  Fig.  12.25  ,  which  shows  the  finely 
gridded  wing  tip  of  a  Learjet  nested  within  the  more 
coarsely  gridded  volume  [12.22], 


Fig.  12.25  Nested  subgrid. 


Bruts  force  approach:  It  should  also  be  noted  that 
a  “brute  force”  approach  can  be  applied,  in  which  the 
aperture,  cavity,  and  aircraft  are  all  solved  in  the  same 
problem  space  with  a  small  enough  grid  to  resolve  the 
aperture  and  cavity.  This  is  feasible  with  sufficient 
computational  resources  and  has  been  done  for  an  air¬ 
craft  cockpit  [12.25].  The  technique  has  been  applied 
to  an  aperture  in  a  cylinder  and  favorably  compared 
to  measured  data  [12.26]. 


12.11.3  Nested  Subgrids 

A  third  way  to  solve  these  types  of  aperture  is 
to  use  a  nested  subgrid  approach.  In  this  approach, 
the  aperture  is  gridded  with  a  finer  mesh  than  the 
rest  of  the  aircraft.  This  results  in  a  coarsely  grid¬ 
ded  large  problem  space  in  which  is  “nested”  a  finer 
gridded  volume.  This  nested  volume  resolves  the  fine 
features  of  the  aperture  and  is  solved  simultaneously 
and  self  consistently  with  the  larger  volume,  Thus, 
no  inherent  approximations  to  the  physics  are  made. 
The  approach  is  numerically  difficult,  because  of  the 
requirements  of  interpolating  in  time  and  space  at  the 
interface  of  the  nested  subgrid  with  the  main  program. 

No  application  of  this  technique  to  apertures  has 
been  published  in  the  open  literature  as  far  as  is 


3D  corrections  to  2D  solution:  Finally,  one  other 
approach  to  the  cavity-backed  aperture  problem  that 
has  been  used  is  to  apply  a  three  dimensional  (3D) 
correction  factor  to  a  two-dimensional  (2D)  aperture 
[12.26].  In  this  approach,  a  cavity-backed  aperture 
(e.g.  a  cockpit)  can  be  modeled  in  two  dimensions  by 
a  Laplace's  equation  method  and  a  field  distribution 
can  be  obtained.  Measurements  of  3D  apertures  with 
the  same  cross  section  dimensions  (in  2D)  con  give  a 
correction  factor  which  relates  the  3D-aperture  excita¬ 
tion  to  the  2D-excitation.  Thus,  a  family  of  cut  res  can 
be  developed  arid  a  solution  for  future  apertures  car. 
be  done  in  2D  along  with  application  of  a  correction 
factor.  This  method  could  give  a  good  approximation 
to  the  low-  frequency  or  late-time  solution,  but  cavity 
or  aperture  resonances  would  not  be  included. 
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12.12  Resonance  Modes  of  Cavities 

It  is  possible  for  an  enclosed  cavity  to  be  reso¬ 
nant  at  a  frequency  that,  might  be  excited  by  electro¬ 
magnetic  fields  penetrating  an  aperture.  In  the  simple 
rectangular  enclosure  shown  in  Fig.  12.26,  the  simplest 
type  of  cavity  resonance  involves  a  plane  wave  bounc  ¬ 
ing  off  the  four  walls  and  arriving  back  at  the  starting 
point  in  phase  with  succeeding  waves.  This  can  only 
occur  for  certain  characteristic  frequencies.  It  is  pos¬ 
sible  for  the  waves  to  arrive  back  at  the  starting  point 
after  making  more  than  one  bounce  off  each  wall,  and 
if  there  are  more  walls,  there  are  an  infinite  number 
of  reflection  patterns  for  which  a  wave  can  return  to 
the  starting  point  in  phase  with  succeeding  waves.  For 
rectangular  enclosures,  some  of  the  simpler  resonance 
modes  are  as  shown  in  Fig.  12.27.  The  frequencies 
corresponding  to  such  modes  are  given  by 


f(h 


(12.86) 


The  magnitude  of  the  integers  m,  n  and  p  is  equal 
to  the  number  of  repetitions  of  the  magnetic  field  along 
the  corresponding  dimension. 

As  a  numerical  example,  some  of  the  character¬ 
istic  resonance  frequencies  of  a  rectangular  enclosure 
having  dimensions  0.7  x  1  x  1.5  m  are  given  in  Thble 

12.3. 


where  m,  n  and  p  are  integers  identifying  the  resonance 

modes  and  c0  =  3  x  108  m/s,  the  velocity  of  light.  FiS-  12-2&  An  elementary  mode  of  cavity  resonance. 
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Fig.  12.27  Some  resonance  modes  in  a  rectangular  enclosure. 
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TabU  12.3 


REFERENCES 


Some  Raeonanca  Modal  in  a 
Rectangular  Enclotura 

(a  a  1.5  m;  b  =  0.7  m;  c  =  1  m) 


Mode 

Frequency 

110 

236  Mhz 

101 

180 

011 

262 

111 

280 

201 

250 

021 

454 

1.  A  study  of  the  resonance  modes  or  impedance  of 
an  empty  cavity  in  an  aircraft  is  probably  a  useless 
exercise.  There  are  virtually  no  empty  cavities, 
and  if  there  were,  there  would  be  nothing  in  such 
a  cavity  to  be  damaged  or  to  suffer  interference. 

2.  Metal  enclosures  within  such  a  cavity  would  tend 
to  raise  the  resonant  frequencies,  while  wires  and 
connecting  cables  would  tend  to  lower  the  reso¬ 
nant  frequencies.  In  an  actual  aircraft,  it  is  prob¬ 
able  that  the  effects  of  connecting  cables  would 
prevail. 

3.  The  principle  value  of  knowing  the  resonance  fre¬ 
quencies  of  an  enclosure  is  in  knowing  the  fre¬ 
quency  above  which  one  should  not  even  attempt 
to  make  an  interactions  study  using  simple  meth¬ 
ods  of  analysis.  As  such,  only  the  lowest  frequency 
resonance  mode  is  of  interest.  Note  that  this  is  not 
to  say  that  the  higher  order  resonance  modes  are 
not  of  importance. 

4.  Electrical  energy  oscillating  in  a  cavity  resonance 
inode  will  only  appear  if  there  is  a  source  to  excite 
that  oscillation.  Possibly  the  rapid  field  changes 
associated  with  triggered  lightning  and  coupled 
through  apertures  could  excite  such  oscillations, 
but  excitation  through  diffusion  coupling  (Chap¬ 
ter  11)  is  most  unlikely. 

5.  Enclosures  that  act  as  cavity  resonators  general¬ 
ly  have  quite  high  Q  factors;  that  is, they  have 
low  losses.  If  some  transient  electromagnetic  con¬ 
dition  excites  a  cavity  oscillation,  that  oscillation 
may  persist  for  much  longer  than  the  transient 
that  excited  the  oscillation. 

6.  The  frequencies  associated  with  cavity  resonances 
are  apt  to  be  of  the  same  order  as  the  frequencies 
associated  with  digital  equipment  located  in  the 
enclosures.  Thus,  one  can  speculate  that  a  cavity 
resonance,  if  it  occurs,  might  be  more  of  a  problem 
for  digital  electronics  than  it  would  be  for  analog 
electronics. 
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Chapter  13 


EXPERIMENTAL  METHODS  OF  ANALYSIS 


13.1  Introduction 

Analytical  techniques  can  seldom  be  relied  on  as 
the  sole  method  of  determining  the  voltages  and  cur¬ 
rents  to  which  aircraft  wiring  and  avionic  equipment 
would  be  subjected.  Most  aircraft  design  programs 
require  some  experimental  analysis  of  the  aircraft  and 
its  wiring,  either  as  the  primary  methods  of  analysis  or 
as  backup  to  analytic  studies.  This  chapter  discusses 
some  of  the  test  methods  available.  It  deals  only  with 
the  response  of  the  aircraft  and  its  wiring.  Testing  of 
avionic  equipment  is  discussed  in  Chapter  IS. 

There  are  several  different  approaches  to  testing 
of  complete  aircraft,  each  with  advantages  and  disad¬ 
vantages. 

1.  High  level  unidirectional  pulses 

2.  High  level  oscillatory  pulses 

3.  Intermediate  level  unidirectional  pulses 

4.  Low  level  unidirectional  pulses 

6.  Low  level  swept  continuous  wave  (CW) 

Techniques  1  through  5  are  time  domain  tech¬ 
niques  while  the  sixth  is  a  frequency  domain  technique. 
High  level  time  domain  test  procedures  can  be  used  as 
proof  or  verification  tests;  that  is,  Go/No-Go  tests, 
to  make  an  overall  evaluation  of  the  effectiveness  of 
protective  measures.  Most  commonly  though,  tests 
on  complete  vehicles  are  used  only  for  analyzing  the 
response  of  the  aircraft  and  its  wiring  while  verifica¬ 
tion  tests  of  protective  measures  is  done  by  bench  level 
testing,  as  described  in  Chapter  18. 

The  following  sections  will  discuss  the  various  ap¬ 
proaches  to  testing.  The  Lightning  Transient  Analy¬ 
sis  (LTA)  procedure  will  be  discussed  further  in  §13.4. 
Selection  of  the  most  appropriate  method  is  challeng¬ 
ing  since  it  depends  on  the  ultimate  use  of  the  data 
and  the  state  of  development  of  the  air  vehicle.  A 
simulation  technique  that  imposes  all  features  of  the 
lightning  in  a  proper  time  sequence  is  desirable,  but 
this  may  not  be  effective  for  subsystems  or  providing 
design  data.  It  is  especially  important  that  the  simu¬ 
lation  technique  provide  data  on  the  system,  subsys¬ 
tem  or  component  equipment  or  line  replaceable  unit 


(LRU)  responses  that  can  be  extrapolated  to  the  val¬ 
ues  that  occur  when  the  air  vehicle  is  exposed  to  the 
real  lightning  environment. 

This  chapter  will  concentrate  on  techniques  for 
performing  low  level  pulse  tests.  Much  of  that  discus¬ 
sion  is,  however,  equally  applicable  for  any  of  the  test 
procedures. 

13.2  Basic  Assumptions 

All  of  the  experimental  techniques  are  based  to 
one  degree  or  another  on  certain  premises: 

13.2.1  Defined  Threat 

A  fundamental  point,  not  always  appreciated,  is 
that  lightning  testing  is  done  primarily  in  terras  of  a 
standardized  lightning  threat,  one  definable  in  docu¬ 
ments,  rnther  than  in  terms  of  what  is  most  commonly 
produced  by  lightning.  The  standardized  threat,  pre¬ 
sented  in  Chapter  5,  is  intended  to  represent  a  very 
severe  lightning  flash,  though  not  necessarily  the  most 
severe  conceivable.  One  of  the  aims  of  testing,  there¬ 
fore,  should  be  to  determine  the  response  of  the  air¬ 
craft  to  the  waveforms  defined  in  that  threat.  Discus¬ 
sions  as  to  whether  those  waveforms  are  truly  repre¬ 
sentative  of  natural  lightning  is  a  topic  to  be  addressed 
separately  from  that  of  how  to  perform  tests  related 
to  the  standardized  threat.  A  test  program  may  in¬ 
volve  using  or  discussing  other  waveforms  as  well,  but 
it  should,  as  a  minimum,  deal  with  the  waveforms  of 
the  defined  threat. 

13.2.2  Linearity 

Another  basic  premise  is  that  the  response  of  an 
aircraft  in  flight  to  natural  lightning  can  in  fact  be 
predicted  by  making  tests  at  ground  level.  There  is 
always  some  question  as  to  whether  this  is  actually  so 
and  some  investigators,  recognizing  the  complicated 
interactions  of  the  electromagnetic  fields,  surrounding 
an  aircraft  in  flight  during  a  lightning  strike,  refer  to 
ground  tests  as  “stimulations”  rather  than  “simula¬ 
tions”.  The  electromagnetic  environment  of  an  air¬ 
craft  parked  on  a  hangar  floor  is  vastly  different  from 
that  of  one  in  flight. 
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Most  test  methods  also  assume  linearity;  that  is, 
that  the  response  of  the  aircraft  to  a  low  level  test  can 
reasonably  be  extrapolated  to  estimate  the  response 
to  full  threat  lightning. 


discussed  sines  that  response  is  essentially  the  same 
whatever  the  test  level. 

13.3.1  Basic  Test  Circuit 


Resistive  effects;  Most  of  the  test  methods  provide 
good  simulation  of  the  effects  of  resistance  in  the  air¬ 
craft  structure  and  the  assumption  of  linearity  is  gener¬ 
ally  valid,  even  for  aircraft  using  large  amounts  of  CFC 
materials.  Studies  that  have  been  made  of  the  point 
[13.1,  13.2]  have  generally  shown  that  predicted  resis- 
tively  coupled  voltages,  as  predicted  on  an  assumption 
of  linearity,  are  if  anything  higher  than  any  likely  to 
be  found  in  actual  practice. 

Magnetic  field  effects:  The  simulations  also  provide 
reasonable  estimates  of  the  magnetic  field  effects  pro¬ 
duced  by  lightning  current.  What  this  means  is  that 
the  response  produced  by  a  low  level  pulse  of  current 
can  be  scaled  linearly  to  give  the  response  to  a  high 
level  pulse  of  current,  provided  the  waveforms  of  the 
currents  are  the  same.  The  point  is  discussed  further 
in  §13.3.3. 

Eloctric  field  effects:  Whether  any  of  the  test  meth¬ 
ods  provide  good  simulation  of  the  electric  field  ef¬ 
fects  is  less  clear.  Electric  field  coupling  involves  the 
strength  of  the  electric  field  at  the  surface  of  the  air¬ 
craft,  but  this  can  be  influenced  very  greatly  by  the 
corona  and  streamers  that  appear  around  the  aircraft 
when  it  is  struck.  Both  of  these  are  very  non-linear 
phenomena.  The  corona  and  streamers  limit  the  elec¬ 
tric  field  at  the  surface  and  may  limit  the  electric  field 
coupling.  Also,  the  circuits  used  for  ground  baaed  air¬ 
craft  tests  probably  do  not  give  the  same  ratio  of  mag¬ 
netic  to  electric  field  effects  as  is  found  in  flight.  This 
chapter  will  not  attempt  to  address  the  question  of 
whether  electric  field  effects  are  correctly  simulated; 
all  it  will  do  is  alert  the  reader  that  there  are  ques¬ 
tions  about  electric  field  coupling. 

Some  of  the  issues  will  be  discussed  in  the  follow¬ 
ing  paragraphs,  along  with  methods  of  obtaining  an 
electromagnetic  environment  that  is  as  representative 
as  possible  of  that  produced  by  natural  lightning. 

13.3  Time  Domain  Pulse  Tests 

All  pulse  testing  basically  involves  charging  capac¬ 
itors  and  then  discharging  them  through  waveshaping 
elements  into  the  aircraft.  Differences  between  var¬ 
ious  techniques  relate  mostly  to  the  energy  levels  of 
the  surge  generators  and  the  techniques  and  degree  of 
extrapolation  needed  to  estimate  full  threat  responses 
from  tests  made  at  less  than  full  threat.  Before  dis¬ 
cussing  various  approaches  to  testing,  the  basic  re¬ 
sponse  of  an  aircraft  in  a  pulse  test  circuit  will  be 


As  reduced  to  lumped  constants,  the  basic  pulse 
test  circuit  is  shown  in  Fig.  13.1.  Energy  is  stored  in 
a  capacitor,  conducted  into  the  aircraft  and  returned 
to  the  capacitor  along  a  return  circuit.  Duration  of 
current  is  controlled  by  the  capacitance  and  series  re¬ 
sistance  while  front  time  is  controlled  by  resistance  and 
series  inductance,  some  of  which  may  be  intentionally 
added  to  the  surge  generator  and  some  of  which  will  be 
intrinsic  to  the  aircraft  and  the  return  circuit.  If  single 
wires  are  used  for  the  connections  between  the  gener¬ 
ator  and  the  aircraft,  the  inductance  of  the  circuit  can 
be  approximated  as  1  fiH/m  or  0.3  /iH/ft  times  the 
total  distance  around  the  circuit. 
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Fig.  13-1  Basic  test  circuit, 

(a)  Generic 

(b)  Practical  test  circuit 


Coaxial  ratum  circuits:  Using  a  single  wire  adja¬ 
cent  to  the  aircraft,  Fig.  13.2(a),  it  not  recommended 
as  the  way  to  return  the  current  to  the  generator  be¬ 
cause  the  aircraft  would  respond  to  the  magnetic  fields 
produced  by  current  in  the  return  wire,  as  well  as  to 
the  electric  and  magnetic  fields  produced  by  current 
in  the  aircraft.  A  coaxial  geometry,  with  the  aircraft 
as  the  center  conductor  and  the  return  path  as  the 
outer  conductor,  Fig.  13.2(b).  is  better.  As  indicated 
in  §9.7.2,  current  on  a  cylindrical  conductor  produces 
no  magnetic  field  inside  the  conductor.  In  practice, 
the  return  circuit  is  formed  from  an  array  of  wires  sur¬ 
rounding  the  aircraft,  as  shown  in  Fig.  13.2(c),  though 
sometimes  metal  sheets  are  used. 
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(c) 


Fig.  13.2  Return  circuits. 

(a)  Single  wire  -  bad 

(b)  Coaxial  wire  -  good 

(c)  End  view 


Diameter:  In  theory,  the  further  the  return  grid  is 
from  the  surface  of  the  aircraft  the  better,  but  more 
spacing  increases  the  impedance  of  the  test  circuit  and 
adversely  affects  the  ability  to  generate  the  desired  cur¬ 
rents  through  the  aircraft.  Best  simulation  would  in¬ 
volve  having  the  aircraft  suspended  with  wheel  well 
doors  closed.  Since  this  is  seldom  practical,  the  spac¬ 
ing  to  the  wires  cannot  be  more  than  the  one  or  two 
meters  that  the  wheels  support  the  aircraft  above  the 
ground.  Also,  in  theory,  the  more  wires  in  the  re¬ 
turn  path  the  better,  but  studies  (13.2]  have  shown 
that  about  eight  conductors  arranged  more  or  less  uni¬ 
formly  around  the  aircraft  are  adequate. 

Impedance:  Inductance  and  surge  impedance  can  be 
estimated  by  calculation.  Treating  the  aircraft  and  the 
return  circuit  as  coaxial  cylinders  of  the  dimensions 
shown  on  Fig.  13.3  gives  an  inductance  of  0.18  pH/m 
or  2.7  pH  for  the  indicated  length.  Inductance  of  an 
actual  installation  will  be  larger  because  the  outer  con¬ 
ductor  is  a  cage  of  wires.  Fbr  typical  systems  it  runs 
about  0.5  pH/m,  and  is  best  determined  by  measure¬ 
ments  on  actual  installations.  One  approach  to  mea¬ 
surement  is  to  discharge  a  known  capacitance  into  the 
circ’iit  and  observe  the  ringing  frequency. 

The  surge  impedance  of  the  transmission  line 
formed  by  the  aircraft  and  return  circuit  of  Fig.  13.3 
calculates  to  be  about  55  ohms,  but  for  actual  instal¬ 
lations  the  impedance  varies  over  the  length  of  the 
aircraft  since  the  aircraft  geometry  changes  over  its 
length.  Typically  it  will  be  in  the  range  of  75  to  125 
ohms  and  is  best  evaluated  by  time  domain  reflectom- 
etry  techniques. 


Fig.  13.3  Coaxial  approximation  of 
return  circuit. 

Lumped  constant  example:  Fig.  13.4  shows  typical 
waveshapes  that  might  be  expected  when  treating  all 
elements  as  lumped  constants.  The  generator  circuit 
shown  was  one  used  in  an  actual  test  of  an  aircraft 
[13.3]  and  the  waveshapes  shown  on  Fig.  13.4(a)  and 
(b)  closely  match  those  obtained  in  the  actual  test,  as 
will  be  shown  in  Fig.  13.7.  The  inductance  of  the  air¬ 
craft  and  its  return  circuit  was  not  measured  during 
the  tests,  but  the  8  pH  estimated  by  matching  cal¬ 
culated  and  measured  current  waveshapes  is  typical 
of  actual  circuits.  The  intent  of  that  particular  test 
was  to  obtain  a  current  having  a  front  time  of  several 
microseconds  and  inductance  of  the  aircraft  was  not 
critical  since  inductance  was  added  to  the  generator 
to  obtain  the  desired  waveshape. 

Lumped  constant  circuits  are  sufficient  to  esti¬ 
mate  the  peak  current  obtainable  from  a  particular 
generator.  For  this  circuit,  and  during  the  tests  of 
[13  3],  a  current  of  500  A  was  obtained  with  a  genera¬ 
tor  charged  to  25  kV.  Obtaining  a  full  threat  current 
of  200  kiloamperes  would  have  required  a  generator 
charged  to  10  megavoits. 

The  circuit  can  be  configured  to  obtain  higher 
currents  by  reducing  the  series  impedance,  but  doing 
so  precludes  obtaining  the  desired  double  exponential 
current  wave.  Reducing  the  series  resistance  increases 
the  time  at  which  the  current  reaches  its  peak.  If  the 
series  resistance  is  reduced  sufficiently  the  cui»ent  be¬ 
comes  oscillatory.  Fig.  13.4  shows  the  current  wave¬ 
shapes  as  series  resistance  is  reduced. 

13.3.2  Traveling  Wave  Effects 

It  is  not  really  sufficient  to  analyze  interactions 
between  aircraft  and  surge  generators  using  lumped 
constant  circuit  techniques  since  the  aircraft  structure 
is  large  enough  that  traveling  wave  effects  must  be 
considered.  The  aircraft  and  the  return  circuit  form 
a  short  transmission  line  and  when  the  switch  it.  the 
generator  is  closed,  a  steep  fronted  voltage  wave  is  in¬ 
jected  into  the  aircraft.  Associated  with  it  will  be  a 
steep  fronted  current  wave. 

At  the  end  of  the  transmission  line  formed  by  the 
aircraft  and  return  conductors,  reflected  voltage  and 
current  waves  are  launched  of  polarity  such  that  the 
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voltage  wave  at  that  point  goes  to  zero  and  the  cur¬ 
rent  doubles.  When  the  reflected  waves  return  to  the 
input  end  bf  the  aircraft  other  reflected  waves  are  gen¬ 
erated.  The  waves  combine  to  produce  a  current  that 
increases  in  a  series  of  jumps  and  a  voltage  that  os¬ 
cillates,  as  Illustrated  in  Fig.  13.5.  On  the  figure  the 
ahcraft  was  treated  as  two  transmission  lines  each  of 
20  ft  length  (6.1  m)  and  having  surge  impedances  of 
100  ohms  and  propagation  velocities  80%  that  of  the 
speed  of  light.  The  representation  is  overly  simplified 
iiu  that  it  makes  no  allowance  for  the  non-uniform  ge¬ 
ometry  of  the  aircraft,  but  it  does  illustrate  the  basic 
effects. 


The  first  effec  i  is  that  the  current  in  the  aircraft 
builds  up  not  in  an  exponential  manner,  but  in  a  series 
of  steps  as  current  propagates  back  and  forth  along  the 
aircraft,  reflecting  at  the  discontinuites  at  the  ends. 
The  second  is  that  the  current  is  different  at  different 
points  on  the  aircraft  and  the  steps  are  least  noted  at 
the  point  of  connection  to  the  surge  generator. 

These  traveling  waves  preclude  developing  current 
waves  having  exactly  the  shape  of  the  idealized  waves 
discussed  in  Chapter  5.  They  also  influence  the  cou¬ 
pling  of  voltages  and  currents  into  the  aircraft  wiring. 


8  uH 


aircraft  and 
return  circuit 


1  ohm 
(loaaea) 


<d) 


700 


5000 


(a)  Circuit 

(b)  R  -  45  oluns 
(d)  R  =  5  ohms 
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(c)  R  as  45  ohms 
(e)  R  m  0.5  ohms 


Fig.  13.S  TVmasmiMtoo  line  representation. 

(a)  Circuit 

(b)  /,  (c)  J, 

(d)  /,  («)  V 


In  the  event  of  a  real  lightning  event  traveling 
wave*  may  aleo  be  launched,  particularly  if  it  ia  a  trig¬ 
gered  lightning  flash.  The  nature  of  the  oscillations, 
though,  i*  almost  certainly  different  in  nature  than  in 
the  laboratory  becauae  the  impedance  of  a  lightning 
channel  is  different,  and  probably  higher,  than  the  im¬ 
pedance  of  a  laboratory  surge  generator.  Given  that 
the  intent  of  a  laboratory  teat  (one  of  them  at  least ) 
i*  to  duplicate,  aa  closely  as  possible,  the  standardised 


lightning  environment,  these  oscillation*  are  undesir¬ 
able  and  are  best  suppressed. 

Dstectiea  af  waves:  These  travelling  waves  on  the 
aircraft  are  difficult  to  detect  if  the  only  measurement 
of  current  is  that  made  at  the  input  and  exit  paints. 
Measuring  the  current  at  the  midpoint  of  the  aircraft 
is  of  course  not  feasible,  though  one  could  measure 
the  magnetic  field  at  the  center  and  so  estimate  the 
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current.  They  can,  though,  be  detected  by  measuring 
the  voltage  between  the  aircraft  and  ground  or  between 
the  aircraft  and  the  return  conductors,  preferably  at 
the  midpoint  of  the  aircraft.  Fig.  13.5(e)  shows  a 
calculation  of  the  voltage.  , 

Controlling  travsHng  waves:  These  traveling  waves 
can  be  controlled  and  a  current  wavefront  with  a  rel¬ 
atively  smooth  double  exponential  front  obtained  by 


proper  termination  of  the  transmission  line  formed  by 
the  aircraft  and  the  return  circuit.  One  type  of  ter¬ 
mination  uses  a  resistor  connected  in  shunt  with  the 
aircraft  and  another  uses  a  resistor  connected  in  series 
between  the  exit  point  on  the  aircraft  and  the  return 
lines.  Each  is  effective,  as  shown  in  Fig.  13.6.  In  ac¬ 
tual  practice  neither  is  completely  effective  since  the 
impedance  of  the  aircraft  is  not  uniform  and  actual 
resistors  have  inductance  that  degrade  their  perfor¬ 
mance. 


It  It  It 


700  - , -  700 


200 


(a)  Circuit 

(b)  /,-*,»  ioo  n,  r,  -  o «  (c)  /,  -  it,  - o  ft.  r2  m  ioo  n 

(d)  /,  -  ft,  -  ioo  n,  ji,  -  o  n  (e)  /,  -  j?,  =  o  ft,  r2  -  ioo  n 
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One  drawback  to  a  series  resistor  is  that  it  reduces  through  resistors,  RF  and  JRR  on  Fig.  13.7.  Values  of 

the  maximum  current  available  from  a  given  size  surge  l£)0  to  150  ohmiare  usually  sufficient.  The  figure  also 

generator.  Another  is  that  considerable  voltage  devel-  shoves  the  current  waveshapes  obtained  in  the  actual 

ops  between  the  aircraft  and  the  return  circuit.  For  test  for  which  Pig.  13.4  showed  calculations, 

reasons  of  safety,  it  is  preferable  that  the  return  cir-  13,3,3  Scaling 

cuit  be  grounded.  Thus  the  aircraft  potential  rises  and 

insulation  under  the  wheels  becomes  necessary.  In-  The  basic  premise  of  pulse  testing  at  other  than 

sulation  capable  of  withstanding  several  hundred  kV  full  amplitude  is  that  the  aircraft  system  is  linear  and 

can  be  provided  without  undue  difficulty,  sufficient  for  that  results  of  measurements  at  low  current  levels  can 

tests  at  current  levels  up  to  several  thousand  amperes.  be  scaled  linearly  to  predict  the  response  at  full  threat 

' :  s  current  level..  As  discussed  in  §13.2.2,  aircraft  are  lin- 

External  oscillations  on  the  return  wires;  Since  the  ear  systems,  at  least  as  regards  resistively  and  magnet- 

aircraft  cannot  be  completely  enclosed  by  a  cylindrical  ically  generated  voltages.  Some  questions  have  arisen 

return  conductor,  magnetic  and  electric  fields  will  leak  in  the  past  as  to  what  is  the  most  important  mode  of 

through  the  cage  of  return  wires  and  couple  to  other  interaction  ar.d  whether  scaling  should  be  on  the  basis 

conductors  outside,  such  as  steel  in  the  hangar  floor*  of  relative  amplitudes  or  relative  rate?  of  rise, 

and  walls.  Energy  coupled  to  these  systems  will  cause  Simplistically,  one  might  argue  that  the  dominant 

a  secondary  set  of  traveling  waves  to  propagate  on  the  mode  of  coupling  is  resistive  and  that  only  relative  am- 

retum  wires,  as  well  as  the  primary  set  propagating  plitudes  of  current  are  important.  Equally  simplisti- 

between  the  aircraft  and  the  return  wires.  Re  tier  t  ions  cally  one  might  argue  that  aperture  coupling  effects 

and  refractions  in  the  external  systems  will  dhow  up  in  are  of  primary  importance  and  that  the  induced  volt- 

the  measurements  made  in  the  primary  circuit.  ages  depend  on  rate  of  rise  of  current.  On  this  premise. 

These  oscillations  can  be  controlled  by  connecting  one  would  scale  measurement  results  according  to  the 

both  ends  of  the  return  conductors  to  building  ground  rate  of  rise  of  the  surge  current. 


lOOA/dlv  lpt/div  lOOA/div  5y«/div 


L  «  18  uH 
C  -  1.5  uF 
R  -  45  a 
E*-  25  kV 
Rf-  120  n 
rr»  130  a 

Fig.  13.7  Termination  resistors  on  the  return  lines. 


Standardized  threat:  These  two  premises,  combined 
v/ith  early  visualizations  of  a  standardized  lightning 
threat,  underlay1  eady  studies  of  lightning  interactions 
using  relatively  high  amplitude  oscillatory  currents. 
The  standard  lightning  threat  was  taken  to  have  an 
amplitude  of  200  kA  and  also  to  be  associated  with  a 
peak  rate  of  change  of  current  of  100  kA/^s.  While 
amplitude  and  rate  of  change  of  current  were  not 
explicitely  linked,  the  tacit  understanding  was  that 
a  standardized  lightning  threat,  for  indirect  effects, 
could  be  represented  as  shown  in  Fig.  13.8. 


Fig.  13.8  An  early  view  of  the 

standardized  environment. 


Scaling  by  amplitude:  Resistive  effects  were  felt  to 
depend  primarily  (or  even  entirely)  on  the  amplitude 
of  the  lightning  current.  In  such  a  case,  any  current 
that  reached  a  peak  amplitude  of  200  kA  would  suffice 
to  predict  the  resistively  generated  voltages  in  an  air¬ 
craft.  This,  then  was  the  justification  for  performing 
verification  tests  with  high  (preferably  200  kA)  oscilla¬ 
tory  current  waves,  even  though  the  front  time  of  such 
a  wave  was  much  longer  than  the  2  ps  of  Fig,  13.8. 
If  the  surge  current,  Fig.  13.9,  had  a  peak  amplitude 
less  than  200  kA,  then  the  results  would  be  scaled  by 
the  amplitude  of  current. 


Fig.  13.9  Scaling  by  amplitude. 

Scaling  by  rata-of-risa:  Inductive  effects  were  felt  to 
depend  primarily  (or  even  entirely)  on  rate  of  change 
of  current  and  that  any  current  that  had  a  high  (prefer¬ 
ably  100  kA/ps)  rate  of  change  would  suffice  to  pre¬ 
dict  the  inductively  generated  voltages.  If  the  surge 
current.  Fig.  13.10,  had  a  lesser  rate  of  change,  the 
results  would  be  scaled  in  proportion  to  the  rate  of 
change  of  current. 


20Q  standard  threat 


Fig.  13.10  Scaling  by  rate-of-rise. 


Advantages:  This  approach  to  testing  and  scaling  had 
some  merit  providing  the  test  amplitudes  approached 
that  of  the  full  threat.  For  resistively  generated  volt¬ 
ages  it  also  had  an  advantage,  real  or  supposed,  that 
response  voltages  typically  were  obscured  by  high  fre¬ 
quencies  at  early  times,  but  not  at  later  times.  If  the 
test  current  was  oscillatory,  the  late  time  oscillatory  re¬ 
sponse  voltage  could  reasonably  be  considered  “real” 
and  the  early  time  high  frequency  component  could  be 
considered  “noise”  in  the  measurement  circuit. 

Present  thinking,  however,  is  that  much  of  the 
early  time  high  frequency  component  of  voltage  also 
represents  a  “real”  response  voltage. 

Disadvantages:  The  biggest  objection  to  simplified 
scaling  concepts  is  that  the  process  was  frequently 
pushed  too  far.  In  Fig.  13.11,  there  is  no  justifica¬ 
tion  in  using  either  waveform  (b)  or  (c)  as  a  predictor 
of  the  response  to  waveform  (a). 


(b)  JO. 

(c) 


Fig.  13.11  Unjustifiable  extrapolation. 

(a)  Full  threat 

(b)  Front  too  short 

(c)  Duration  too  short 

Constant  waveshape:  Scaling  is  most  justifiable  if  the 
test  current  has  the  same  waveshape  as  the  standard¬ 
ized  threat  current,  but  has  a  lower  amplitude,  Fig. 
13-12  Then  questions  related  to  scaling  by  amplitude 
or  rate  of  change  become  moot  since  both  amplitude 
and  rate  of  change  are  related  by  the  same  scale  factor, 
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It  is  largely  for  this  reason  that  the  standardized  light¬ 
ning  threat  described  in  Chapter  5  is  described  in  such 
detail. 


0  Uma  to 

crmt 


Fig,  13.12  Justifiable  extrapolation. 

(a)  Full  threat  current 

(b)  Low  amplitude  test  current 

13.3.4  Approaches  to  Pulse  Testing 

There  are  several  approaches  to  pulse  testing: 

Full  threat  verification  tests:  One  approach  to  test¬ 
ing  is  to  subject  a  complete  aircraft,  fully  configured, 
with  all  systems  operating,  to  a  full  threat  lightning 
current  and  observe  whether  any  harmful  effects  are 
noted.  If  treated  as  a  Go/No-Go  test,  this  approach 
has,  in  principle  at  least,  the  virtues  of  simplicity  and 
requiring  the  least  time  for  preparation,  but  is  seldom 
used  in  practice  because: 

1.  The  cost  and  complexity  of  a  simulator  capable  of 
generating  200  kA  peak  current  with  the  required 
fast  rise  time  is  excessive. 

2.  The  current  and  charge  distributions  on  the  air¬ 
craft  while  in  the  simulator  will  be  different  from 
those  that  exist  while  in  flight. 

3.  Since  the  test  program  would  not  be  aimed  at 
gathering  information  on  voltages  and  currents, 
there  would  be  no  information  with  which  to  cor¬ 
rect  problems  should  they  be  found. 

4.  There  is  no  predictable  method  to  update  test  re¬ 
sults  for  aircraft  modifications. 

5.  The  perceived  lightning  threat  may  be  changed  in 
the  future  as  more  data  becomes  available. 

6.  There  is  a  potential  for  damage  to  the  test  vehicle. 

The  major  drawback  to  such  tests  is  the  cost  and 
complexity  of  the  test  equipment.  Equipment  has  been 


built  to  perform  full  threat  tests,  on  small  aircraft  at 
least  [13.4],  but  capacitor  banks  operating  at  more 
than  2  million  volts  are  required.  Because  of  the  long 
duration  of  lightning  currents,  the  energy  required  to 
be  stored  is  many  times  that  required  for  full  threat 
nuclear  electromagnetic  pulse  (NEMP)  tests.  Costs  of 
facilities  would  be  several  million  dollars. 

Full  threat  analysis  tests:  Conceptually,  it  would  be 
best  to  use  full  threat,  or  near  full  threat  currents,  dur¬ 
ing  a  measurement  program  to  evaluate  voltage  and 
current  at  many  points  on  the  aircraft.  Such  tests 
are  made  during  evaluations  of  NEMP  effects,  but  the 
costs  are  quite  high. 

Full  threat  lightning  analysis  tests  have  seldom 
been  made  on  aircraft,  partly  because  of  lack  of  test 
facilities.  Even  if  test  facilites  were  available,  costs 
would  be  high  since  the  tests  would  require  a  consider¬ 
able  amount  of  time  to  perform.  Large  energy  storage 
banks  require  considerable  time  to  charge,  frequently 
need  maintenance  and  safety  requirements  have  to  be 
quite  stringent.  Also,  high  current  level  test  circuits 
are  subject  to  the  same  constraints  as  lower  level  cir¬ 
cuits  in  such  things  as  size  and  impedance  of  return 
circuits  and  relationships  between  magnetic  and  elec¬ 
tric  field  magnitudes. 


High  level  oscillatory  tests:  As  discussed  in  §«  8, 
unidirectional  current  waves  are  produced  either  by 
crowbarring,  leading  to  circuit  complexity,  or  by  using 
enough  circuit  resistance  to  damp  oscillations,  lead¬ 
ing  to  inefficient  use  of  the  energy  stored  in  the  surge 
generator.  An  alternative  approach  to  testing,  more 
widely  used  in  the  past  than  at  present,  is  to  accept 
oscillatory  test  currents  when  evaluating  indirect  ef¬ 
fects.  just  as  they  are  accepted  during  tests  of  direct 
effects.  Oscillatory  currents  of  high  magnitude  can  be 
produced  by  simple  capacitor  banks,  but  the  wave¬ 
forms  will  be  totally  unlike  those  produced  by  natural 
lightning. 

Accepted  practice,  in  the  past  at  least,  has  been 
to  make  tests  using  two  different  generators,  each  of 
which  produces  an  underdamped  oscillatory  current. 
One  generator,  usually  operated  in  a  Marx  configura¬ 
tion,  is  configured  to  oscillate  at  high  frequency  and 
provide  a  fast  rate  of  rise  while  the  other  is  config¬ 
ured  to  oscillate  at  low  frequency  and  provide  a  long 
duration  current.  The  high  frequency  waveform  is  in¬ 
tended  primarily  for  evaluation  of  aperture  effects  and 
the  low  frequency  waveform  is  intended  for  evaluation 
of  resistive  and  diffusion  effects. 

Oscillatory  currents  had  (and  have)  both  advan¬ 
tages  and  disadvantages. 


Advantage*  of  the  fait  rata-of-changa  oscillatory 
wave: 

1.  Over  a  narrow  band  of  frequencies  it  simulated 
one  important  aspect  of  indirect  effects,  the  aper¬ 
ture  coupling  of  electromagnetic  fields 

2.  High  amplitude  was  available  from  relatively  low- 
energy  surge  generators  since  little  energy  is  lost 
in  waveshaping  resistance. 

3.  It  could  be  nearly  a  full  threat  test  of  the  high 
frequency  coupling  effects. 

Disadvantages: 

1.  It  overemphasized  (and  deliberately  so)  one  of  the 
frequency  components  of  lightning  currents. 

2.  It  underemphasized  low-frequency  coupling  ef¬ 
fects,  particularly  the  effects  of  vehicle  resistance 
and  the  diffusion  penetration  of  magnetic  fields. 

3.  It  was  potentially  damaging  to  avionic  equipment 
on  the  aircraft  under  test. 

Equipment  susceptible  to  damage  during  a  simu¬ 
lated  lightning  test  could  obviously  be  damaged 
by  an  actual  lightning  flash,  but  damage  during 
development  tests  is  undesirable. 

The  advantages  and  drawbacks  of  the  fast  current 
waveform  are  mirrored  in  reverse  by  the  slow  current 
waveform. 

Advantages  of  the  high  amplitude  oscillatory  wave: 

1.  It  simulates,  over  a  narrow  band  of  frequencies, 
the  resistive  coupling  of  electromagnetic  effects. 

2.  High  amplitude  is  available  from  relatively  low- 
energy  surge  generators. 

3.  It  can  approach  a  full  threat  test  of  lower  fre¬ 
quency  resistive  coupling  effects,  at  least  for  light¬ 
ning  strokes  of  low  to  average  amplitude. 

Disadvantages: 

1.  It  overemphasises  (and  deliberately  so)  one  of  the 
component  frequencies  of  lightning  current. 

2.  It  may  not  correctly  simulate  diffusion  penetra¬ 


tion  of  magnetic  fields. 

3.  It  does  not  constitute  a  full-threat  test  for  the 
higher  amplitude  lightning  flashes. 

Data  obtained  at  low  amplitudes  requires  extrap¬ 
olation  to  give  the  effects  that  would  be  present 
at  full  lightning  current  amplitude. 

4.  It  is  potentially  damaging  to  avionic  equipment. 

Moderate  level  pulse  testing:  A  generator  [13.5]  ca¬ 
pable  of  producing  currents  of  6  or  7  kA  through  an 
aircraft  is  sketched  in  Fig.  13.13.  It  is  a  two  stage 
Marx  circuit  having  an  erected  capacitance  of  4  pF. 
The  current  waveform  through  a  test  bed  aircraft  is 
shown  in  Fig.  13.14,  the  test  bed  aircraft  being  de¬ 
scribed  in  [13.5].  Operating  voltage  when  delivering 
the  current  pulse  of  Fig.  13.14  was  apparently  about 
150  kV  total.  A  similar  generator  of  20  pF  erected 
capacitance,  operated  at  150  kV  and  a  circuit  resis¬ 
tance  of  4  ohms  would  be  capable  of  producing  a  peak 
current  of  30  kA  and  similar  waveform. 

There  are  two  advantages  to  performing  aircraft 
tests  with  such  levels.  One  is  that  when  testing  with 
moderate  level  generators  (30  kA)  the  stress  imposed 
on  the  aircraft  is  near  that  imposed  by  the  lower  am¬ 
plitude  natural  lightning  flashes.  Another,  and  more 
important  advantage,  is  that  the  amount  of  scaling  or 
extrapolating  to  estimate  full  threat  level  responses  is 
not  great.  Scaling  to  200  kA  from  6  kA  tests  involves 
an  extrapolation  of  33:1  while  scaling  to  200  kA  from 
30  kA  tests  involves  an  extrapolation  of  6.7. 

One  drawback  to  testing  with  such  machines  is 
that  they  are  not  readily  transportable  to  remote  lo¬ 
cations  for  tests  on  aircraft.  Transport  is  possible, 
but  involves  disassembly  and  re-erection  at  the  remote 
site.  Another  is  that  experience  has  shown  that  radi¬ 
ation  from  the  spark  gap  switches  in  such  machines 
tends  to  couple  into  the  aircraft  under  test,  and  into 
the  measuring  instruments,  and  partially  obscures  the 
voltages  and  currents  under  observation.  The  larger 
the  machine  the  more  difficult  it  is  to  shield  against  or 
suppress  this  undesirable  radiation. 

Low  lovol  puls*  tasting:  Many  of  the  tests  that 
have  been  done  on  aircraft  have  been  done  with  surge 
currents  of  200  -  1000  amperes.  The  practice  of  es¬ 
timating  aircraft  response  from  tests  with  lower  level 
unidirectional  current  pulses  was  initially  described  as 
the  “Lightning  Transient  Analysis  (LTA)  Technique” 
and  its  development  is  traced  in  [13.2,  13.3  and  13.6 
-  13.9].  Most  commonly,  tests  have  been  performed 
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with  currents  on  the  order  of  500  -  1000  amperes  and 
using  waveshapes  as  nearly  like  that  of  the  standard¬ 
ized  lightning  environment  as  possible.  Virtues  of  the 
technique  are  that  test  equipment  can  be  transported 
in  one  package  without  the  need  to  rebuild  surge  gen¬ 
erators  on  site,  and  that  a  large  amount  of  testing 
can  be  done  in  a  short  time,  since  the  equipment  is 
easy  to  operate.  Another  virtue  is  that  the  surge  gen¬ 
erator  can  be  well  shielded  and  incidental  radiation 
from  switching  spark  gaps  can  be  well  suppressed  us¬ 
ing  small  components  in  the  package  housing  the  en¬ 
ergy  storage  capacitors.  Finally,  since  all  high  voltage 
components  can  be  contained  in  a  shielded  enclosure, 
exposure  of  operators  to  dangerously  high  voltages  is 
minimized. 

The  main  drawback  to  low  voltage  LTA  pulse  test¬ 
ing  is  that  measured  results  must  be  extrapolated  by 
large  amounts.  Extrapolating  results  from  a  test  per¬ 
formed  at  1  kA  to  a  full  threat  current  of  200  kA  re¬ 


quires  that  results  be  extrapolated  by  a  factor  of  20G. 

Measurement  techniques  for  LTA  tests  ate  de¬ 
scribed  in  §13.4.  They  are,  of  course  applicable  to 
tests  made  at  higher  current  levels. 

Shock-excited  pulse:  The  pulse  techniques  described 
above  have  involved  metallic  connection  of  the  surge 
generator  to  the  aircraft  and  for  the  tests  that  have 
been  made  using  those  techniques  the  intent  has  gen¬ 
erally  been  to  assess  the  effects  of  resistively  and  mag¬ 
netically  generated  voltages.  These  involve  only  the 
current  injected  into  the  aircraft.  No  attempt  has  been 
made  to  duplicate  electric  field  levels  at  the  surface  of 
the  aircraft.  Generally,  in  fact,  for  reasons  of  safety 
the  aircraft  has  been  grounded  and  attempts  made  to 
minimize  voltages  between  the  aircraft  and  the  return 
circuit,  both  of  which  have  the  effect  of  keeping  the 
electric  field  intensity  low. 


The  fact  that  electric  field  coupling  exists  in  addi¬ 
tion  to  resistive  and  magnetic  field  coupling  has  been 
recognized,  but  the  standardized  lightning  environ¬ 
ment  as  it  relates  to  indirect  effects  makes  no  recog¬ 
nition  of  electric  field  and  imposes  no  specifications 
regarding  it.  Partly  this  is  because  the  electric  field 
effects  have  been  felt  to  be  of  lesser  consequence  than 
other  effects  and  partly  because  there  is  little  firm 
knowledge  on  which  to  base  specifications,  should  such 
specifications  be  desirable. 

Questions  surrounding  some  of  the  early  full- 
vehicle  tests  led  to  the  shock-excited  test  technique. 
Fig.  15,  [13.10  -  13.11]  in  which  the  vehicle  under 
test  is  insulated  and  excited  at  one  point  through  an 
electrical  arc.  This  suddenly  raises  the  vehicle  to  a 
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high  voltage  relative  to  its  surroundings  and  estab¬ 
lish  is  a  high  electric  field  at  the  surface  of  the  vehicle. 
A  few  microseconds  later,  a  second  arc  will  be  estab¬ 
lished  from  the  vehicle  to  ground,  suddenly  reducing 
the  electric  field  back  to  zero  and  completing  the  cir¬ 
cuit,'  allowing  current  to  flow. 


,  Fig.  13.15  Shock,  excited  pulse  technique. 

These  changes  ir.  electric  field  couple  to  the  inter¬ 
nal  circuits,  presumably  in  a  manner  similar  to  what 
exists  ■i  nature  when  the  aircraft  is  struck.  Testing 
probably  should  be  done  with  a  well  shielded  high 
voltage  generator  to  minimize  coupling  from  the  spark 
gaps  of  the  generator  and  should  be  done  at  voltages 
sufficiently  high  that  corona  forms  and  limits  the  elec¬ 
tric  field  at  the  surface  of  the  vehicle.  Voltages  in 
excess  of  106  volts  are  probably  required. 

Some  tests  have  shown  that  electric  field  coupling 
was  the  primary  coupling  method  for  high  impedance 
signal  circuits,  as  contrasted  to  low  impedance  circuits 
for  which  magnetic  field  coupling  predominated.  Elec¬ 
tric  field  effects  are  not  covered  by  the  standardized 
lightning  environment  and  there  is  as  yet  no  clear  con¬ 
sensus  as  to  how  they  should  be  treated  or  what  test 
techniques  are  best. 

13.4  Conduct  of  LTA  Tests 

This  section  will  discuss  some  of  the  objectives  of 
LTA  pulse  tests  ar.d  techniques  for  making  satisfactory 
measurements.  They  are  applicable  whatever  the  cur¬ 
rent  level  at  which  the  tests  are  made.  The  objectives 
are  also  applicable  for  tests  made  using  the  Swept  CW 
technique  discussed  in  §13.5. 

13.4.1  Objectives 

The  main  purpose  of  LTA  tests,  and  of  ether  types 
of  full  vehicle  test  descril»ed  in  the  foregoing  sections, 
is  to  determine  the  magnitudes  of  electrical  transients 
amially  appearing  in  aircraft  interconnecting  wiring. 
This  data  is  necessary  to  verify  that  actual  transients 
do  not  exceed  the  transient  control  level  (TCL)  estab¬ 
lished  for  specific  systems  and  circuits  and  its  collec¬ 
tion  is  part  of  the  certification  process,  as  described  in 
Chapter  5. 


Open  circuit  voltages  and  short  circuit  current:  The 

most  important  type  of  data  to  be  collected  is  that  on 
open  circuit  voltages  and  short  circuit  currents.  There 
are  two  reasons  for  this: 

1,  They  represent  the  maximum  possible  voltages 
and  currents. 

2.  Equipment  transient  design  levels  (ETDLs)  are 
defined  in  terms  of  open  circuit  voltage  and  sho.t 
circuit  currents  appearing  at  the  interfaces  be¬ 
tween  wiring  and  equipment  viewed  looking  into 
the  wiring. 

The  open  circuit  voltage  is  the  voltage  appearing 
at  the  interface  with  the  equipment  disconnected.  The 
short  circuit  current  is  the  current  flowing  in  a  short 
between  two  wires,  or  between  a  wire  and  the  airframe 
ground,  also  at  the  equipment  interface. 

The  open  circuit  voltage  and  short  circuit  current 
suffice  to  define  a  Thevenin  equivalent  of  the  circuit. 
They  also  define  the  capabilites  needed  in  a  test  gen¬ 
erator  used  to  evaluate  the  ability  of  the  equipment 
to  withstand  equipment  transient  design  levels.  This 
latter  process  is  the  second  part  of  the  verification  pro¬ 
cess  described  in  Chapter  5.  Methods  for  conducting 
equipment  tests  are  described  in  Chapter  18. 

Other  measurements:  Other  measurements  to  be 
made  during  LTA  tests  include  bulk  cable  currents, 
currents  on  shields  of  cables,  magnetic  fields  within 
structures  and  structural  IR  voltages. 

Teet  plent:  Since  it  is  never  practical  to  measure  tran¬ 
sients  in  all  wires  of  an  aircraft,  or  even  all  wires  of  a 
flight  critical  system,  measurements  are  usually  made 
only  on  representative  wires.  The  choice  of  which  wires 
upon  which  to  make  measurements  is  made  on  the 
basis  of  wire  routing,  degree  of  shielding  and  circuit 
function,  so  as  to  be  typical  of  other  wires  of  simi¬ 
lar  description.  The  process  of  selection  of  circuits 
and  wires  to  be  measured  is  a  very  important  part  of 
the  certification  process,  and  together  with  selection  of 
test  conditions,  that  is,  current  entry  and  exit  points, 
constitutes  the  test  plan ■ 

Proposed  certification  plans  should  be  reviewed 
with  certifying  authorities  for  concurrence  prior  to  the 
start  of  tests. 

Establishment  of  TCLs  end  ETOLs:  A  second  pur¬ 
pose  of  full  vehicle  tests  is  to  obtain  data  from  which 
TCLs  and  ETDLs  can  be  established.  This,  of  course, 
is  only  possible  if  a  suitable  airframe  is  available  at  an 
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early  stage  in  the  design  cycle,  when  protection  criteria 
are  being  established.  Sometimes  an  earlier  version  of 
a  derivative  aircraft  is  available,  with  physical  dimen¬ 
sions  and  materials  of  sufficient  similarity  to  enable 
representative  “ball  park”  transients  to  be  measured 
in  typical  wire  routes. 

Occassionally,  useful  data  can  be  obtained  from 
tests  of  major  subassemblies  such  as  wing,  fuselages 
or  empennage  sections.  In  these  cases,  test  currents 
are  circulated  through  the  subassembly  and  measure¬ 
ments  are  made  of  transients  induced  in  wires  that 
have  been  installed  in  the  subassembly  specifically  for 
test  purposes. 

13.4.2  Measurement  Transducers 

Lightning  induced  voltages  are  usually  measured 
with  oscilloscopes  located  inside  the  aircraft  under 
test.  These  must  be  coupled  to  the  points  under  mea¬ 
surement  with  voltage  and  current  probes. 

Where  to  make  measurements:  Ideally,  one  would 
measure  the  voltage  induced  on  aircraft  wiring  at  the 
semiconductor  components  in  the  “black  boxes”  at  the 
ends  of  the  wires,  as  in  Fig.  13.16(a).  This  is  sel¬ 
dom  practical  since  it  would  disturb  the  circuit  under 
test  and  because  it  is  too  susceptible  to  “noise”.  In 
practice  the  best  one  can  do  is  to  measure  the  volt¬ 
age  at  the  connector  pins.  Fig.  13.16(b).  Sometimes 
one  must  make  measurements  on  breakout  boxes  and 
cables,  Fig.  13.16(c),  but  this  is  to  be  avoided  if  at 
all  possible,  since  experience  indicates  that  it  is  very 
difficult  to  avoid  picking  up  excessive  amount  of  noise 
on  such  breakout  cables. 


Open  circuit  end  short  circuit  measurements:  Fre¬ 
quently  the  objective  of  full  vehicle  tests  is  to  study  the 
intrinsic  pickup  on  wiring  harnesses,  rather  than  how 
they  interact  with  terminal  devices.  In  such  cases  it  is 
appropriate  to  disconnect  the  harnesses  from  the  de¬ 
vices  and  to  short  one  end  of  the  conductors  to  ground. 
Open  ciicuit  voltage  would  then  be  measured  between 
the  other  end  and  ground.  Next,  both  ends  of  the  har¬ 
ness  would  be  grounded  and  the  short  circuit  current 
measured. 

High  impadanca  voltage  probes'  Measurement 
of  lightning  induced  voltages  requires  fairly  sophisti¬ 
cated  oscilloscopes  These  are  quite  large,  compared  to 
avionic  “black  boxes”  and  can  seldom  be  placed  as 
close  to  the  devices  under  investigation  as  one  would 
like.  Furthermore,  they  are  as  much,  or  more,  influ¬ 
enced  by  the  electric  and  magnetic  fields  as  arc  the  air¬ 


craft  “black  boxes”  This  means  that  the  oscilloscope 
must  be  shielded  from  the  magnetic  fields,  which  in¬ 
creases  the  space  requirement  even  more. 

If  the  oscilloscope  can  be  placed  close  enough  to 
the  object  under  test,  conventional  high  impedance 
voltage  probes  can  be  used  to  couple  the  signal  to  the 
oscilloscope.  Probes  with  leads  2  -  3  m  long  are  com¬ 
mercially  available. 


Fig.  13.16  Where  measuremsnts  can  be  made. 

(a)  Ideal 

(b)  Sometimes  practical 

(c)  To  be  avoided 


Railttiva  prebat:  If  the  oscilloscope  must  be  placed 
further  away,  then  it  must  be  coupled  through  low  im¬ 
pedance  coaxial  cables.  Connection  through  untermi¬ 
nated  coaxial  cables  is  only  satisfactory  for  low  imped¬ 
ance  circuits  and  for  low  frequency  measurements. 

If  higher  frequencies  are  involved  the  cables  must 
be  terminated  in  SO  ohms,  but  then  the  circuit  under 
test  may  be  loaded  excessively.  Loading  can  be  re¬ 
duced  by  connecting  a  resistor  in  series  with  the  mea¬ 
surement  cable,  but  this  has  the  drawback  that  the 
voltage  delivered  to  the  measurement  oscilloscope  is 
only  a  fraction  of  the  original  signal  voltage  and  is 
more  easily  contaminated  by  noise  pickup.  The  higher 
the  resistance,  the  lower  the  loading,  but  the  smaller 
the  signal  transmitted  to  the  oscilloscope.  If  a  4950 
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ohm  series  resistor  were  used  (total  loading  of  5000 
ohms),  only  1%  of  the  signal  reaches  the  oscilloscope. 
If  the  unloaded  induced  voltage  signal  were  on  the  or¬ 
der  of  one  volt,  the  signal  to  the  scope  would  be  10 
millivolts.  Experience  has  shown  that  the  background 
noise  levels  in  the  scope  (thermal  or  ’’white  noise”)  is 
on  the  order  of  1  millivolt.  This  would  be  a  signal  to 
noise  level  of  only  10:1,  even  without  any  margin  for 
noise  pickup  on  the  measurement  cables. 

Active  probe*:  Active  probes  may  be  required  in  some 
instances  when  small  signals  must  be  measured.  Both 
single  ended  and  differential  probes  are  commercially 
available,  but  experience  with  some  of  them  has  indi¬ 
cated  that  their  shielding  may  not  be  sufficient  to  elim¬ 
inate  problems  of  noise  pickup.  They  must  be  checked 
to  insure  that  the  shielding  is  adequate.  Active  probes 
can  also  be  custom  made,  Fig.  13.17.  Both  the  probe 
and  the  power  supply  have  to  be  well  shielded. 


Intrinsic  pickup:  If  the  task  is  only  to  measure  the 
intrinsic  pickup  of  an  aircraft  cable,  and  if  some  mea¬ 
surement  error  can  be  tolerated  at  short  times,  another 
approach  is  to  use  50  ohm  measurement  cables  and  to 
install  a  short  circuit  at  the  far  end  of  the  aircraft  cable 
under  test.  This  forces  the  entire  voltage  induced  into 
the  aircraft  cable  to  appear  at  the  end  connected  to  the 
measurement  cable.  Making  the  measurement  without 
any  series  resistance  allows  the  ultimate  voltage  to  be 
recorded  correctly,  but  the  high  frequency  oscillations 
are  not  recorded  correctly.  Using  a  high  aeries  resis¬ 
tance  allows  the  oscillations  to  be  more  faithfully  re¬ 
produced,  but  of  course  reduces  the  level  of  the  signal 
delivered  to  the  oscilloscope. 

Current  measurements:  Most  current  measurement* 
are  made  using  pulse  current  transformers  that  can  be 
coupled  through  50  ohm  cable  to  the  measuring  oscillo¬ 
scope.  Spacing  between  the  oscilloscope  and  the  point 
under  measurement  is  seldom  a  problem.  Currents  on 
individual  wires  and  small  bundles  can  be  measured 
with  clamp-on  current  probes,  as  in  Fig  13.18(a). 


Some  clamp-  on  probes  are  available  with  large  win¬ 
dow  openings  through  which  large  cable  bundles  may 
be  passed.  Other  current  transformers  have  solid  cores 
that  cannot  be  opened.  Measurements  require  the  con¬ 
ductor  to  be  threaded  through  the  transformer  and 
then  reconnected,  generally  feasible  for  cable  bundles, 
provided  the  cable  terminates  in  a  removable  connec¬ 
tor.  For  single  conductors  such  transformers  may  re¬ 
quire  the  conductor  to  be  cut  and  then  respliced. 

Sometimes  it  is  feasible  to  improvise  current  trans¬ 
formers  using  toroidal  or  split  cores.  Construction  de¬ 
tails  and  circuits  are  shown  in  Fig.  13.18(b).  The 
sensitivity  of  the  transformer  is 

N 

K=—  (13.2) 

where  Re  equals  R  paralleled  by  the  50  ohm  input 
resistance  of  the  measuring  oscilloscope.  Larger  core 
size  cross  section,  more  turns  on  the  secondary  wind¬ 
ing  and  smaller  loading  resistors  all  extend  the  low 
frequency  response  of  the  transformer.  Improvised 
current  transformers  seldom  have  responses  as  good 
as  commercially  available  transformers,  but  they  may 
be  sufficient  for  the  task.  Responses  should  be  deter¬ 
mined  experimentally. 


Fig.  13.18  Current  transformers. 

(a)  Split  core 

(b)  Solid  core 
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Response  of  currant  transformers:  Current  trans¬ 
formers  are  limited  both  in  their  low  and  high  fre¬ 
quency  response,  In  the  time  domain  they  are  charac¬ 
terized  by  droop  at  long  times  and  roll-off  and  oscilla¬ 
tions  at  sho't  times.  Particularly  with  measurements 
of  short  circuit  current  induced  by  resistive  effects  care 
must  be  taken  that  the  response  at  low  frequencies  is 
adequate. 

Power  system  and  RFI  transformers:  Current  trans¬ 
formers  operate  by  passing  the  secondary  current 
through  a  burden  resistor  to  develop  an  output  volt¬ 
age.  A  high  burden  resistor  provides  high  output  volt¬ 
age,  but  poor  low  frequency  response,  while  a  low  bur¬ 
den  resistor  provides  better  low  frequency  response, 
but  lower  sensitivity.  No  transformer  should  be  used 
without  a  burden  resistor.  Current  transformers  made 
for  power  frequency  metering  and  relaying  are  not  pro¬ 
vided  with  a  burden  resistor  and  are  not  generally 
satisfactory  for  measurements,  though  if  fitted  with 
a  non-inductive  burden  resistor  may  be.  Response 
measurements  would  be  necessary  to  prove  the  point. 
Current  transformers  made  for  EM1/EMC  measure¬ 
ments  are  also  usually  not  satisfactory  since  they  are 
meant  to  be  loaded  with  the  50  ohm  input  impedance 
of  a  measuring  instrument  and  do  not  have  satisfactory 
low  frequency  response. 

13.4.3  Noise  and  Shielding 

Noise  is  induced  into  the  measurement  system  in 
several  ways,  as  shown  in  Fig.  13.19.  Electric  and 
magnetic  fields  can  impinge  on  the  measuring  oscillo¬ 
scope  and  induce  noise  directly  into  the  internal  cir¬ 
cuits.  Experience  indicates  that  the  best  way  to  avoid 
this  problem  is  to  install  the  oscilloscope  in  a  shielded 
enclosure. 


Fig.  13.19  Noise  induced  into  measuring  circuits. 


A  more  common  source  of  noise  comes  from  cur¬ 
rent  induced  in  the  shields  of  the  measurement  cables. 
Such  currents  may  be  caused  by  differences  in  poten¬ 
tial  between  the  point  of  measurement  and  the  oscillo¬ 
scope,  or  they  may  be  caused  by  electric  and  magnetic 
field  induction  into  the  measuring  cable.  As  the  cur¬ 
rents  flow  through  the  resistance  of  the  cable  shield 
they  produce  a  voltage  drop  which  appears  at  the  ter¬ 
minals  of  the  cable.  Minute  amounts  of  magnetic  and 
electric  flux  also  leak  through  the  holes  in  the  shield 
and  induce  voltages.  As  the  current  on  the  cable  flows 
through  the  connectors  at  the  oscilloscope  additional 
voltages  are  introduced.  The  way  to  eliminate  these 
problems  is  to  use  well  shielded  measurement  cables 
and  to  keep  the  noise  currents  out  of  the  measurement 
cable  and  away  from  the  oscilloscope,  usually  by  using 
extra  shielding  or  by  using  triaxial  cables. 

Shielding  for  oscilloscopes:  The  primary  way  to  min¬ 
imize  noise  problems  during  LTA  tests  is  to  shield  the 
oscilloscope  and  the  measuring  leads.  Some  reference 
to  such  shielding  has  been  made,  but  more  discussion  is 
in  order  since  experience  has  shown  a  lot  about  which 
techniques  are  useful  and  which  are  not. 

Fig.  13.20  shows  more  of  how  to  shield  the  mea¬ 
suring  oscilloscope  and  treat  the  leads  carrying  signals 
into  the  oscilloscope.  There  are  two  main  concerns. 
The  first  is  to  prevent  incoming  leads  from  carrying 
noise  current  into  the  box  and  radiating  electromag¬ 
netic  noise  directly  into  the  oscilloscope.  The  box  can 
shield  against  external  electromagnetic  fields,  but  not 
against  fields  produced  by  currents  on  the  shields  of 
the  measuring  cables.  The  other  concern  is  to  prevent 
current  from  flowing  across  connectors.  Connectors 
(particularly  BNC  connectors)  are  a  weak  link;  their 
resistances  are  relatively  high  and  they  are  not  partic¬ 
ularly  well  shielded. 

Shielding  for  measurement  cobles:  The  best  way  to 
avoid  problems  is  to  keep  noise  currents  off  the  shields 
of  the  measuring  cables.  This  can  be  done  by  fitting 
all  incoming  leads  with  an  external  braided  shield  and 
terminating  this  shield  on  the  shielding  box,  not  on  the 
input  connectors  of  the  oscilloscope.  Triaxial  cable  is 
good,  but  it  is  easy  to  slide  woven  copper  braid  over 
the  top  of  ordinary  coaxial  cable. 

The  objective  of  the  shield  is  to  keep  noise  cur¬ 
rents  off  the  measuring  cable  and  away  from  the  os¬ 
cilloscope,  particularly  the  input  connectors  where  the 
oscilloscope  is  most  vulnerable  to  noise  pickup.  It  is 
best  to  terminate  the  external  shield  on  the  rear  of 
the  box  and  as  far  from  the  input  of  the  oscilloscope 
as  possible.  The  inconvenience  of  having  to  reach  into 
the  back  of  the  box  to  make  connections  is  part  of 
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the  price  of  getting  good  shielding  performance.  It  is 
preferable  to  bring  the  measurement  cable  (but  not 
the  external  shield)  through  a  hole  in  the  box,  Fig. 
13.20(a),  but  a  bulkhead  connector  for  the  signal  car¬ 
rying  cable  frequently  is  satisfactory,  Fig.  13.20(b).  If 
a  bulkhead  connector  is  used  the  overall  shield  should 
terminate  on  a  shell  around  the  connector,  not  on  the 
connector  itself,  Fig.  13.20(c).  Grounding  the  over¬ 
all  shield  to  the  box  through  a  pigtail,  Fig.  13.20(d). 
should  be  avoided. 

The  overall  shield  on  the  measuring  cable  mur'. 
be  grounded  at  each  end  in  order  to  protect  against 
magnetic  fields.  Performance  of  shields  is  discussed 
more  fully  in  Chapter  15. 


Fig.  13.20  How  to  bring  cables  into  a 

shielding  enclosure. 

(a)  Best 

(b)  Good 

(c)  Poor 

(d)  Worst 

Differential  measurements:  Measurements  with  dif¬ 
ferential  amplifiers  are  another  way  to  minimize  the  ef¬ 
fects  of  noise  induction  into  measurement  cables  Two 
signals  are  brought  from  the  measurement  point  to 
a  differential  amplifier  in  the  oscilloscope,  one  from 
the  point  under  investigation  and  the  other  from  a 
ground  point  adjacent  to  that  point,  as  shown  in  Fig. 
13-21.  At  the  oscilloscope  the  two  signals  are  sub¬ 
tracted.  Since  the  same  noise  will  be  induced  on  both 
measurement  cables  (assuming  they  follow  the  same 
path,  as  they  should),  the  result  should  be  noise  free. 


Differential  measurements  are  not  a  panacea  and 
some  words  of  caution  are  in  order.  Differential  mea¬ 
surement  systems  are  rated  in  terms  of  common  mode 
rejection  ratio,  which  is  a  measure  of  balance  or  the 
ability  to  subtract  two  identical  noise  signals  and  get 
zero  output.  Rejection  ratios  of  10,000:1  are  commonly 
cited  for  differential  pre- amplifiers.  This  means  that  if 
two  identical  10  volt  signals  are  applied  to  the  input  of 
the  amplifier  that  no  more  than  1  millivolt  will  be  dis¬ 
played.  This  rejection  ratio  is  usually  only  guaranteed 
for  low  frequencies.  The  ability  to  balance  differen¬ 
tial  circuits  becomes  harder  at  higher  frequencies  and 
the  common  mode  rejection  may  be  much  less  at  high 
frequencies.  Also,  if  the  common  mode  voltage  is  too 
high  the  amplifiers  may  saturate  or  be  driven  into  a 
non-linear  operation.  No  differential  operation  can  be 
obtained  under  those  conditions. 

High  common  mode  rejection  ratios  are  only  ob¬ 
tained  in  amplifiers  specifically  constructed  for  differ¬ 
ential  operation.  Many  oscilloscopes  have  a  provision 
whereby  one  of  two  signals  can  be  inverted  and  the 
results  added.  Such  operation  is  not  the  same  as  is 
provided  by  an  amplifier  specifically  configured  for  dif¬ 
ferential  operation.  The  common  mode  voltage  limit 
is  reached  at  lower  voltages  and  the  common  mode  re¬ 
jection  ratio  is  seldom  as  good  as  obtained  in  true  dif¬ 
ferential  amplifiers.  Still,  the  differential  performance 
is  perfectly  adequate  for  most  purposes. 

Finally,  the  differential  performance  of  the  oscil¬ 
loscope  can  be  compromised  if  the  external  measure¬ 
ment  probes  are  not  well  balanced.  Considering  all 
factors  one  should  not  normally  count  on  the  high  fre¬ 
quency  differential  rejection  ratio  being  better  than 
about  100:1. 

Trigger  circuits:  The  measuring  oscilloscope  must  be 
triggered  to  display  the  voltages  resulting  from  dis¬ 
charging  the  LTA  generator.  There  are  several  ways  of 
doing  so,  as  shown  on  Fig.  13.22.  The  preferred  way  is 
by  taking  a  trigger  signal  from  the  LTA  generator  and 
carrying  it  to  the  oscilloscope  along  a  coaxial  cable, 
Fig.  13.22(a).  If  the  trigger  signal  is  to  be  carried  into 
the  aircraft,  an  isolating  transformer,  Fig.  13.22(b), 
must  be  connected  in  aeries  with  the  trigger  cable.  Al¬ 
ternatively,  Fig.  13.22(c),  the  trigger  signal  can  be 
carried  along  a  fiber  optic  link.  The  LTA  generator 
may  emit  enough  high  frequency  noise  to  allow  one 
to  trigger  the  measuring  oscilloscopes  from  an  electric 
field  antenna.  Fig.  13.22(d).  This  method  of  trigger¬ 
ing  has  the  virtue  of  simplicity,  but  may  not  provide  as 
reliable  or  consistent  triggering  as  the  previous  meth¬ 
ods.  Also,  it  may  allow  the  oscilloscope  to  be  triggered 
from  other  sources  of  electromagnetic  interference. 

With  any  of  the  techniques,  delay  may  have  to 
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be  introduced  in  the  circuit  used  to  trigger  the  surge 
generator  in  order  to  compensate  for  the  slow  velocity 
of  propagation  in  the  trigger  cable  and  to  ensure  that 
the  oscilloscope  is  triggered  before  current  builds  up 
in  the  aircraft.  Having  a  small  amount  of  zero  line 
available  can  greatly  ease  analysis  of  the  recorded  data. 

Noise  checks:  Tests  should  be  made  to  verify  the 
effectiveness  of  the  shielding  on  the  measurement  sys¬ 
tem.  These  are  made  by  disconnecting  the  measure¬ 
ment  leads  from  the  aircraft  wiring  and  discharging 
the  surge  generator.  If  no  noise  is  picked  up  by  the 
measuring  system  then  one  can  have  good  confidence 
that  the  signal  displayed  on  the  oscilloscope  truly  rep¬ 
resents  the  response  of  the  aircraft  wiring. 

Digital  oscilloscopes:  Digital  oscilloscopes  are  now 


to  be  preferred  over  analog  oscilloscopes  because  the 
recorded  signals  can  be  retrieved  for  further  process¬ 
ing.  Digital  oscilloscopes  are  subject  to  the  same  prob¬ 
lems  of  noise  pickup  as  analog  oscilloscopes  and  should 
be  shielded  in  the  same  way. 

Measurements  of  lightning  induced  voltages  and 
currents  require  that  digital  oscilloscopes  have  a  wide 
bandwidth,  on  the  order  of  30  -  100  MHz.  When  re¬ 
viewing  the  specifications  of  digital  oscilloscopes  care 
should  be  taken  not  to  confuse  the  bandwidth  of  the 
analog  input  circuits  with  the  bandwidth  pertaining  to 
sampled  data.  Accurate  measurement  of  a  20  MHz  os¬ 
cillatory  wave  requires  the  wave  to  be  sampled  several 
times  per  cycle.  Sampling  5  times  per  cycle  would  re¬ 
quire  the  sampling  rate  to  be  100  MHZ.  Other  discus¬ 
sions  on  requirements  for  digital  measuring  equipment 
are  presented  in  [13.2]. 
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Fig.  13.22  Methods  of  triggering. 

(a)  Trigger  transformer 

(b)  Isolation  transformer 


(c)  Optical  isolation 

(d)  Antenna  triggering 


Optical  coupling:  Some  of  the  noise  problems  encoun¬ 
tered  during  surge  testing  can  be  overcome  by  using 
optical  links  to  couple  the  outputs  from  voltage  and 
current  probes  to  the  measuring  oscilloscope,  but  op¬ 
tical  links  have  problems  of  their  own.  Analog,  not 
digital,  optical  links  are  required,  and  the  bandwidth 
of  the  optical  link  should  be  as  wide  as  that  of  the  mea¬ 
suring  oscilloscope.  Wide  bandwidth  optical  links  tend 
to  have  high  noise  levels  and  limited  dynamic  range. 
Sensitivity  of  the  link  is  more  prone  to  change  than  is 
the  sensitivity  of  conventional  hard  wired  links.  Care 
must  be  taken  not  to  overload  the  transmitters  and 
the  sensitivity  of  the  link  must  be  checked  frequently. 

13.5  Low-Level  Swept  Continuous  Wave 

This  frequency  domain  technique  involves  exciting 
the  aircraft  with  continuous  waves  rather  than  time 
domain  pulses.  Basically,  the  method  utilizes  a  net¬ 
work  analyzer  to  measure  transfer  functions,  ampli¬ 
tude  and  phase,  from  the  lightning  attachment  point 
to  test  points,  voltage  or  current,  within  the  aircraft. 
These  transfer  functions,  if  measured  over  a  suitable 
wide  frequency  range,  may  then  be  multiplied  by  the 
frequency  spectrum  of  a  lightning  pulse  to  determine 
the  overall  spectral  response  at  the  test  point.  Fourier 
transforms  can  then  be  taken  to  evaluate  the  time  do¬ 
main  response. 

Advantages  and  disadvantages  of  the  swept  CW 
technique  are  as  follows: 

Advantages 

1.  Standard  low  level  oscillators  and  network  analyz¬ 
ers  may  be  used.  These  are  commercially  avail¬ 
able  and  operate  at  levels  sufficiently  low  that 
there  are  no  safety  problems,  either  to  personnel 
or  the  aircraft, 

2.  Narrow  band  tuned  measuring  instruments  can 
be  used  and  these  are  more  sensitive  and  less  sus¬ 
ceptible  to  interference  than  time  domain  instru¬ 
ments. 

3.  Aircraft  and  wiring  system  resonances  are  clearly 
displayed  and  quantified. 

4.  System  responses  may  be  quantified  by  tabular 
listings  of  amplitude  and  phase  without  need  for 
developing  equivalent  circuits. 

5.  Many  users  are  more  used  to  working  with  fre¬ 
quency  domain  data  than  with  time  domain  re¬ 
sponses. 


Disadvantages 

1.  No  way  to  evaluate  non-linearities  in  the  aircraft 
response. 

2.  Seeding  to  full  threat  levels  requires  considerable 
mathematical  manipulation. 

13.6  Safety 

Most  simulated  lightning  testing,  even  though  ap¬ 
plied  at  reduced  levels,  involves  the  use  and  opera¬ 
tion  of  high  voltage  equipment  including  capacitors 
and  arcing  switches.  The  electrical  energies  involved 
exceed  the  levels  necessary  to  cause  human  fatalities 
and  safety  precautions  must  be  taken  and  test  proce¬ 
dures  followed  which  ensure  that  during  the  test  appli¬ 
cations,  personnel  cannot  accidentally  come  in  contact 
with  any  electrically  energized  parts  of  the  test  circuit. 

A  secondary  concern  is  the  inherent  danger  of 
passing  substantial  currents  through  an  aircraft  fuse¬ 
lage  containing  fuel.  This  concern  includes  the  prob¬ 
lems  associated  with  electrical  arcing  taking  place  in 
an  area  where  fuel  vapors  may  be  present. 

13.6.1  Personnel  Safety 

People  actively  involved  with  operating  surge  gen¬ 
erators  and  measuring  equipment  may  need  to  be 
physically  close  to  or  inside  the  aircraft  during  the  test. 
This  is  particularly  true  for  those  operating  measuring 
instruments.  This  can  be  done  safely,  but  safety  pro¬ 
cedures  must  be  developed  and  be  well  understood  by 
all,  both  those  involved  in  the  tests  and  those  who  may 
be  only  casual  bystanders. 

Perionnel  familiarization:  Prior  to  the  start  of  active 
testing,  all  personnel  working  in  the  area,  both  those 
assigned  to  the  test  and  those  normally  working  in  ad¬ 
jacent  areas,  should  be  assembled  for  a  safety  briefing 
and  familiar ization  with  the  project.  Written  safety 
procedures  are  advisable. 

Teat  area:  The  aircraft,  test  generators,  waveshaping 
circuits,  HV  power  supply,  and  capacitors  will  from 
time  to  time  be  energized  to  potentially  dangerous 
voltages.  A  clearly  defined  test  area  should  be  fenced 
or  roped  off  in  such  a  manner  as  to  preclude  any  per¬ 
son  standing  outside  of  the  area  from  coming  in  con¬ 
tact  with  any  of  the  above  listed  items  or  any  other 
potentially  hazardous  point.  No  one  should  enter  the 
test  area  without  the  permission  of  the  test  operator. 
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Safety  ground  point:  A  safety  ground  point  should 
be  established  to  which  the  facility  ground,  test  cir¬ 
cuit  power  supplies,  low  voltage  side  of  the  generator 
and  safety  grounding  sticks  can  be  connected.  This 
ground  point  must  be  attached  to  the  building  struc¬ 
tural  steel,  preferably  in  the  floor.  This  point  may  also 
serve  as  an  instrumentation  ground  reference  point, 
though  that  is  not  its  major  function.  The  grounding 
stick  can  be  in  the  form  of  a  metal  hook  fastened  to  an 
insulating  handle  and  connected  to  a  flexible  ground¬ 
ing  wire.  Another  grounding  hook  should  be  provided 
for  the  surge  generatoi . 

Testing  procedures:  High  voltage  test  equipment 
should  be  operated  only  by  qualified  personnel  specif¬ 
ically  designated  to  do  so. 

During  a  tc3t,  observers  should  not  remain  within 
the  test  area.  Those  who  are  working  on  the  aircraft 
or  assisting  with  the  test  should  approach  or  enter  the 
aircraft  only  when  test  equipment  is  de-  energized  and 
grounded.  Both  they  and  the  test  operator  should 
have  equal  responsibility  to  ensure  that  equipment  is 
de-energized  and  safety  grounds  connected. 

Those  who  are  operating  the  surge  generator  or 
operating  measuring  equipment  should  repair  to  their 
designated  stations  before  the  safety  grounds  are  re¬ 
moved.  Those  operating  measuring  instruments  may 
be  in  physical  contact  with  the  aircraft  (in  it  or  along¬ 
side  it)  during  the  test,  but  only  if  they  are  not  simul¬ 
taneously  in  contact  with  ground  or  the  return  wires. 

With  the  exception  of  those  operating  measuring 
instruments,  no  one  should  contact  the  aircraft  or  re¬ 
turn  lines  when  a  pulse  from  the  surge  generator  is 
being  applied. 

Those  who  must  have  physical  contact  with  the 
aircraft  during  tests  have  a  special  responsibility  to 
ensure  that  they  understand  what  type  of  contact  is 
safe  and  what  procedures  are  necessary  to  avoid  unsafe 
contact. 

Once  the  test  area  has  been  cleared  of  personnel, 
(with  the  exception  of  those  operating  measuring  in¬ 
struments)  the  test  operator  should  enter,  remove  the 
grounding  sticks,  return  to  his  station  and  perfojm  the 
test.  At  the  completion  of  a  test  or  a  series  of  tests,  the 
operator  should  shut  down  the  HV  power  supplies,  en¬ 
ter  the  area  and  ground  all  potentially  energized  points 
before  allowing  any  others  to  enter.  The  ground  stick 
should  be  hung  on  the  aircraft  pitot  boom  or  other 
current  injection  points  between  tests. 

Operators  of  measuring  instruments:  When  an  oscil¬ 
loscope  is  operated  within  the  aircraft  its  case  must  be 
connected  to  the  structure  of  the  aircraft  and  it  must 
be  powered  from  an  isolated  power  source;  batteries 


and  inverter  or  a  well  insulated  isolation  transformer. 
In  such  a  case  the  oscilloscope  can  be  operated  per¬ 
fectly  safely  by  people  within  the  aircraft.  They  may 
touch  the  framework  of  the  aircraft  or  the  measuring 
oscilloscope  without  regard  for  whether  the  aircraft  is 
grounded  or  energized  provided  they  not  simultane¬ 
ously  touch  any  wire  carrying  external  ground  poten¬ 
tial  into  the  aircraft. 

One  lead  that  is  likely  to  be  brought  into  the  air¬ 
craft  is  a  coaxial  cable  carrying  a  trigger  signal  for 
the  oscilloscope.  Such  a  cable  must  be  fitted  with  an 
isolating  device  so  that  neither  the  center  conductor 
nor  the  cable  shield  provides  direct  current  electrical 
continuity  to  external  grounded  objects.  Methods  of 
eliminating  hazards  from  such  sources  are  described 
in  §13.4.3.  In  addition  to  possible  safety  hazards,  ex¬ 
ternally  connected  leads  brought  into  the  aircraft  are 
likely  to  carry  undesirable  electromagnetic  interference 
onto  the  measuring  oscilloscopes. 

When  an  oscilloscope  is  operated  adjacent  to  the 
aircraft,  but  not  within  the  aircraft,  it  may  still  be 
operated  safely,  but  safe  operation  requires  more  at¬ 
tention  to  the  physical  location  of  all  apparatus.  The 
case  of  the  oscilloscope  must  again  be  connected  to  the 
aircraft  and  the  oscilloscope  must  be  powered  from  an 
isolated  power  source.  Physically  the  oscilloscope  will 
most  likely  have  to  be  mounted  on  some  sort  of  plat¬ 
form  alongside  the  aircraft.  This  platform  should  be 
of  an  insulating  material.  Wooden  stepladders  or  work 
platforms  will  provide  sufficient  insulation. 

Personnel  may  still  operate  such  equipment  safely 
provided  that  satisfactory  porcedures  have  been  for¬ 
mulated  and  approved.  As  a  minimum,  such  proce¬ 
dures  should  require  the  operator  to  stand  on  an  insu¬ 
lating  mat  or  be  seated  on  an  insulating  chair  set  upon 
an  insulating  mat  or  platform.  Barriers  or  insulating 
sheets  should  also  be  placed  over  the  return  wires. 

13.6.2  Fuels  Safety 

Since  the  aircraft  will  usually  be  an  operational 
aircraft,  residual  fuels  may  be  present  in  the  tanks, 
lines  and  vents.  Since  a  fuel  vapor  mixture  may 
be  flammable,  it  is  recommended  that  the  tanks  be 
drained  of  fuel  and  filled  with  dry  nitrogen  at  positive 
pressure  during  the  test  period.  As  an  alternative, 
the  fuel  tanks  may  be  completely  filled  with  fuel  to 
eliminate  as  many  vapor  spaces  as  possible  and  the  re¬ 
maining  spaces  (such  as  fuel  and  vent  lines)  be  filled 
with  dry  nitrogen  at  positive  pressure  so  as  to  assure 
a  non-flammable  atmosphere  during  the  test  period. 
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Exposed  electrical  arcs:  An  attempt  should  be  made 
to  ensure  that  all  switching  arcs  in  the  aircraft  test 
circuit,  including  the  switching  gap  in  the  surge  gen¬ 
erator,  be  restricted  or  enclosed.  However,  some  tests 
may  require  or  result  in  an  exposed  arc  which  could 
be  an  ignition  source.  Consequently,  it  will  be  very 
important  for  all  personnel  to  be  aware  of  and  on  the 
watch,  for  fuel  spills  or  fuel  vapors  in  the  test  area.  No 
test  should  be  conducted  with  fuel  leaks  or  spills  in  the 
area.  Testing  can  resume  only  after  the  leaks  or  spills 
have  been  repaired  and/or  cleaned  up.  The  source  of 
any  fuel  vapors  in  the  area  must  be  identified  and  dealt 
with  prior  to  proceeding  with  the  tests. 
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Chapter  14 


RESPONSE  OF  AIRCRAFT  WIRING 


14.1  Introduction 


Verifying  that  an  aircraft  will  not  be  harmed  by 
indirect  effects  is  most  likely  to  come  about  by  per¬ 
forming  bench  tests  in  which  voltages  and  currents  are 
injected  into  the  terminals  and  wiring  of  aircraft  sys¬ 
tems,  tests  such  as  described  in  Chapter  18.  Specifi¬ 
cations  for  such  tests  are  often  deficient  in  that  they 
merely  specify  something  like 

Bench  tests  shall  subject  the  equipment  to  the 

lightning  environment  specified  in  ■  •  • 

The  referenced  document  then  describes  only  the 
lightning  environment  to  which  the  aircraft  as  a  whole 
should  be  designed.  Equipment  inside  the  aircraft,  of 
course,  is  not  subjected  to  the  full  lightning  threat,  and 
it  would  not  be  meaningful  to  subject  each  individual 
box  or  cable  to  the  200  000  amperes  peak  current  that 
might  represent  the  external  lightning  threat. 

Some  sort  of  program  is  needed  to  estimate  real¬ 
istic  levels  at  which  tests  should  be  conducted.  Even 
if  tests  axe  not  performed,  some  sort  of  program  is 
needed  to  estimate  levels  to  which  equipment  should 
be  designed.  If  no  estimates  are  made,  either  equip¬ 
ment  must  be  designed  and  tested  to  arbitrarily  chosen 
levels,  or  it  will  be  designed  or  selected  without  any 
special  regard  for  lightning  indirect  effects. 

Some  have  called  the  process  of  determining  volt¬ 
ages  and  currents  on  individual  components  a  Bow- 
down  process,  implying  that  it  is  one  of  determining 
how  much  of  the  external  lightning  environment  “flows 
down"  onto  individual  components.  Ideally,  the  per¬ 
formance  of  flowdown  calculations  to  determine  the 
most  likely  voltages  and  currents  on  the  wiring  of  an 
aircraft  would  be  clearly  identified  as  one  of  the  neces¬ 
sary  engineering  tasks  and  would  be  allocated  suitable 
staff,  time  and  funding. 

In  principle,  the  voltages  and  currents  on  the  air¬ 
craft  wiring  may  be  calculated  from  the  geometry  of 
the  aircraft  wiring  and  knowledge  of  the  strength  and 
orientation  of  the  internal  magnetic  and  electric  fields, 
as  discussed  in  Chapters  10,  11  and  12.  Alternatively, 
they  may  be  determined  experimentally  as  discussed 
in  Chapter  13.  Since  staff  and  funding  are  not  always 
available  to  perform  the  necessary  measurements  and 
calculations,  it  is  useful  to  have  simplified  techniques 
that  at  least  let  one  determine  the  order  of  magni¬ 


tude  of  the  voltages  and  current  induced  by  lightning 
effects. 

This  chapter  undertakes  to  provide  such  tech¬ 
niques.  The  resulting  estimates  may  not  be  very  pre¬ 
cise,  but  they  can  at  least  indicate  the  general  magni¬ 
tude  and  nature  of  the  induced  voltages  and  currents, 
and  that  may  be  sufficient  for  preliminary  designs  or 
tests. 

The  discussions  to  follow  will  treat  both  the  open 
circuit  voltage  and  the  short  circuit  current  induced  on 
aircraft  wiring.  A  knowledge  of  open  circuit  voltage  is 
important  because  it  represents  the  maximum  volt¬ 
age  to  which  a  circuit  or  electrical  insulation  might  be 
exposed.  Short  circuit  current  is  important  because 
it  represents  the  maximum  current  that  might  flow 
through  an  element  designed  to  carry  current,  such 
as  a  protective  spark  gap  or  diode.  The  two  factors 
together  define  the  source  impedance  of  the  surge,  a 
quantity  needed  in  order  to  conduct  rational  bench 
testing  of  equipment. 

The  discussions  will  also  provide  an  introduction 
to  the  art  of  modeling  the  response  of  electrical  circuits 
to  the  voltages  and  currents  induced  by  lightning. 

14.2  Wire  Impedances 

Inductance  and  capacitance  of  conductors  were 
treated  in  §9.7.3  and  §9.8.1.  For  wires  above  a  ground 
plane,  Fig,  14.1,  and  using  only  air  as  insulation,  sim¬ 
plified  expressions  for  calculation  are: 

L  =  0.2  ln(4h/d)  //H/m  (14.1) 

c=iSj^  <“-2> 

where 

h  =  height  above  a  ground  plane 
d  =  conductor  diameter 

Inductance  and  capacitance  may  also  be  estimated 
from  Figs.  14.2  and  14.3. 

Inductance  and  capacitance  also  define  the  surge 
impedance  of  a  conductor. 
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Fig.  14.1  Wire  above  a  ground  plane. 


Z  s=  60 ln^^)  ohms  (14.3) 

The  velocity  of  propagation  on  such  conductors  is  300 
m//is,  the  speed  of  light. 

14.3  Response  Mechanisms  •  Short  Wires 

The  response  mechanisms  will  be  reviewed  first 
for  conductors  short  enough  that  the  response  can 
be  treated  in  terms  of  lumped  constant  elements. 
Many  wiring  systems  in  aircraft  do  not  strictly  qual¬ 
ify  for  this  treatment,  since  they  are  long  enough 
that  they  are  better  treated  as  transmission  lines,  but 


the  lumped  constant  approach  does  illustrate  the  gen¬ 
eral  nature  of  the  response.  Transmission  line  or  dis¬ 
tributed  constant  considerations  are  discussed  further 
in  §14.4. 

14.3.1  Response  to  Resistive  Voltage  Rises 

The  elementary  equivalent  circuits  are  shown  in 
Fig.  14.4.  Ra  represents  the  resistance  of  the  aircraft, 
or  more  precisely  the  portion  of  the  aircraft  under  con¬ 
sideration,  while  Rw  and  Lw  represent  the  resistance 
and  inductance  of  the  wire.  The  most  severe  case  in¬ 
volves  conductors  that  tire  referenced  to  the  airframe 
at  one  or  more  points.  Power  distribution  systems  are 
frequently  so  arranged.  If  the  conductor  is  grounded 
at  only  one  end,  Fig.  14.4(a),  the  quantity  of  most 
interest  is  the  open  circuit  voltage  developed  at  the 
other  end.  If  both  ends  of  the  wire  are  grounded,  Fig. 
14.4(b),  the  quantity  of  interest  is  the  short  circuit 


Fig.  14.4  Response  to  resistive  voltage. 
(*)  Vo c 

(b)  I.c 


Open  circuit  voltage:  A  lightning  current  Ii  produces 
an  open  circuit  voltage 


V0C  =  I,Ra.  (14.4) 

Wire  routing  or  wire  resistance  will  not  affect  the  volt¬ 
age. 


Short  circuit  currant:  If  the  wire  is  connected  to  the 
airframe  structure  at  each  end,  the  current  through 
the  wire  will  depend  on  the  resistance  of  the  wire,  its 
inductance  and  the  waveshape  of  the  lightning  cur¬ 
rent.  Such  a  connection  may  not  appear  to  be  a  nor¬ 
mal  condition,  but  it  does  represent  a  limiting  case  if 
surge  arresters  are  being  employed  to  limit  the  volt¬ 
age  appearing  between  a  conductor  and  the  airframe. 
Assuming  Rt  <  Ru„  the  wire  current  for  lightning 
currents  of  long  duration  is 
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I.C  =  I<%-  (14.5) 

while  for  lightning  current  of  short  duration  the  wire 
current  is 

Imc  =  J-J  Vocdt  (14.6) 

where 

I  —  amperes 

L  =  self-inductance  of  wire  or  cable  -  H 
V0c  —  open  circuit  induced  voltage  -  V 
t  =  time  -  s 

Multiple  conductors:  If  there  are  several  conductors 
in  a  bundle,  all  of  the  conductors  will  be  subjected  to 
the  same  open  circuit  voltage  and  short  circuit  current. 

Wire  shields:  A  shield  on  the  wire,  if  it  is  grounded  at 
only  one  end,  Fig.  14.5(a),  will  not  reduce  the  voltage 
or  current  to  which  the  wire  is  subjected.  If  the  shield 
is  grounded  at  each  end,  as  indicated  in  Fig.  14.5(b), 
it  will  reduce  the  voltage  or  current,  but  the  degree 
of  reduction  will  depend  primarily  on  the  resistance  of 
the  shield,  as  compared  to  the  resistance  of  the  aircraft 
and  the  resistance  of  the  wire. 


(b)  Grounded  at  both  ends 

(c)  Equivalent  circuit 


Example:  The  geometry  shown  on  Fig.  14.6(a)  is 
somewhat  representative  of  a  conductor  used  for  dis¬ 
tribution  of  aircraft  power.  For  the  indicated  lightning 
current,  Voc  and  I,c  are  as  shown  on  Fig.  14.6(d)  and 
(e).  The  point  of  most  importance  is  that  the  short  cir¬ 
cuit  current  is  controlled  more  by  the  wire  inductance 
than  its  resistance  and  reaches  its  peak  long  after  the 
aircraft  current  has  begun  to  decay. 


Source  impedance:  Strictly  speaking,  source  imped¬ 
ance  would  be  found  by  taking  the  instantaneous  val¬ 
ues  of  voltage  and  current, 

Z  =  ^  (14.7) 

and  would  be  a  quantity  that  was  time  or  frequency 
dependent.  Often  however,  the  ratio  of  peak  values  of 
open  circuit  voltage  and  short  circuit  current  is  taken 
to  be  the  source  impedance  and,  for  the  above  exam¬ 
ple,  is  0.32  ohms.  The  quantity  is  a  useful  measure  of 
the  impedance  of  the  circuit,  but  should  be  used  with 
caution  since  it  pertains  only  to  the  one  waveshape  of 
driving  current. 

The  illustration  of  Fig.  14.6  is  somewhat  oversim¬ 
plified,  but  it  does  illustrate  the  point  that  source  im¬ 
pedance  for  resistively  generated  voltages  is  quite  low, 
about  the  same  as  the  resistance  of  the  wire.  This  low 
source  impedance  is  an  important  point  that  must  be 
considered  when  applying  surge  protective  devices,  as 
discussed  further  in  Chapter  16. 


14.3.2  Response  to  Magnetic  Fields 

The  simplest  geometry  to  consider,  Fig.  14.7(a), 
is  that  of  a  conductor  placed  adjacent  to  a  metal  sur¬ 
face  and  exposed  to  a  uniform  magnetic  field  oriented 
to  produce  maximum  voltage  in  wiring.  Single  conduc¬ 
tors  are  rarely  found  in  an  aircraft;  more  commonly 
conductors  are  part  of  a  bundle  of  wires,  or  one  of  the 
wires  in  a  multi-conductor  cable.  For  the  analyses  to 
follow,  the  effects  will  be  about  the  same  for  a  single 
wire  or  for  a  group  of  wires  comprising  a  cable  or  bun¬ 
dle.  If  the  cable  is  fitted  with  a  shield,  the  shield  can 
be  treated  as  just  another  conductor. 

Open  circuit  voltage:  The  open  circuit  induced  volt¬ 
age  between  the  wire  and  ground,  or  the  common  mode 
voltage  of  wires  in  a  cable,  will  be 

=  (14-8) 

where 
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Fig.  14.6  Resistively  coupled  voltage. 

(a)  Geometry 

(b)  Equivalent  circuit 

(c)  It  (two  time  scales) 


T7 

(b) 


Fig.  14.7  Response  to  magnetic  induction. 

(a)  Foc 

(b)  I.c 


A  =  area  of  the  loop  involved  -  m2 
A  =  Ih  in  Fig.  14.7 
-  4jt  x  10~7 

<j>  =  total  flux  linked  -  webers 
H  =  magnetic  field  intensity  -  A/m 
t  —  time  -  s 

If  l  and  h  are  measured  in  inches: 

Voc  =  8.11  x  1(T10  lh  (14.9) 

at 

where 

/  =  length  -  in 

h  =  height  above  ground  plane  -  in 
H  =  magnetic  field  intensity  -  A/m 
t  =  time  -  8 

The  induced  voltage  is  thus  proportional  to  the 
length  cf  the  wire,  its  height  above  ground  and  the 
strength  of  the  magnetic  field.  Voltage  can  be  reduced 
by  keeping  wires  or  cables  close  to  the  ground  plane 
and  by  routing  them  along  a  path  where  the  magnetic 
field  strength  is  low.  These  points  are  discussed  further 
in  Chapter  15. 

As  will  be  discussed  in  Chapter  15,  an  elemen¬ 
tary  model  for  voltage  induced  in  a  wire  consists  of  a 
voltage  source  placed  at  the  center  or  one  end  of  the 
wire,  along  with  some  representation  of  the  loads  at 
the  two  ends  of  the  wire.  The  induced  voltage  then 
divides  between  the  loads  at  the  ends  of  the  wire.  The 
la.  jest  voltage  appears  across  the  load  with  highest 


impedance.  For  worst  case  analysis,  one  can  consider 
one  end  of  the  wire  to  be  grounded  with  the  other  end 
open  circuited.  All  the  voltage  will  then  appear  at  the 
open  circuit  end  of  the  wire. 

Short  circuit  current:  The  maximum  current  is  that 
which  flows  when  both  ends  of  the  wire  or  cable  are 
connected  to  the  vehicle  structure  through  a  low  or 
zero  impedance,  Fig.  14.7(b).  The  short  circuit  cur¬ 
rent  is  then  mostly  affected  by  the  wire  inductance 
and,  treating  only  inductance,  is 

I,C  =  jJ  Vocdt.  (14.10) 

where 

I,e  —  amperes 

L  =  self-inductance  of  wire  or  cable  -  H 
Voc  =  open  circuit  induced  voltage  -  V 
t  =  time  -  s 

The  induced  voltage,  Voc,  that  drives  the  current, 
is  directly  proportional  to  the  cable  height,  but  the 
cable  inductance  L  that  impedes  the  flow  of  current, 
is  proportional  to  the  logarithm  of  the  cable  height. 
Both  Voc  and  L  arc  proportional  to  cable  length.  The 
result  is  that  short  circuit  current  is  practically  inde¬ 
pendent  of  the  length  of  the  cable  and  only  moderately 
dependent  on  the  height  of  the  cable  above  ground. 

An  individual  wire  might  have  a  low  imped¬ 
ance  load  by  being  connected  to  a  semiconductor,  in 
which  case  the  short  circuit  current  might  flow  directly 
through  the  semiconductor  and  its  bias  source.  If  the 
circuit  is  intentionally  designed  to  have  a  low  input 
impedance,  there  may  be  no  damage  if  the  current  is 
not  too  large.  Maximum  available  short  circuit  cur¬ 
rent  is  an  important  point  to  consider  when  selecting 
surge  protective  devices. 

Multiple  wires:  If  a  group  of  wires  is  involved,  Fig. 
14.8(a),  the  induced  voltage  so  calculated  is  that  ex¬ 
isting  between  the  entire  group  of  conductors  (com¬ 
prising  the  bundle  or  cable)  and  the  vehicle  structure. 
Assuming  equal  load  impedances,  the  voltages  on  each 
of  the  wires  will  be  about  the  same  and  will  not  de¬ 
pend  on  the  location  of  the  wire  within  the  bundle  or 
cable. 

Lins-to-line  voltages:  Line-to-line  voltages  (also 
called  differential  or  circuit  voltages)  will  be  less  than 
line-to-ground  voltages,  generally  by  a  factor  of  10 
to  200,  or  20  to  46  dB,  because  individual  conductors 
are  usually  close  together  and  are  often  twisted,  thus 
reducing  the  total  loop  area. 
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Example:  Fig.  14.9(a)  shows  the  same  conductor  as 
Fig.  14.6(a),  but  subjected  to  a  changing  magnetic 
field  of  the  waveshape  indicated  in  Fig.  14.9(c).  In 
the  equivalent  circuit  of  Fig.  14.7(b)  the  voltage  source 
would  have  a  magnitude  and  waveshape  as  calculated 
by  Eq.  14.9.  For  this  elementary  circuit  the  driving 
voltage  would  be  the  same  as  Voc,  Fig.  14.9(d),  and 
its  waveshape  is  that  of  the  derivative  of  the  magnetic 
field.  The  short  circuit  current,  being  proportional 
to  the  integral  of  the  open  circuit,  voltage,  has  nearly 
the  same  waveshape  as  the  magnetic  field  driving  the 
circuit. 


Fig.  14.8  Multiple  conductors. 

(a)  Bundled  conductors 

(b)  Shielded  bundle 


Determining  the  voltage  between  wires,  or  the 
dB  difference  between  line-to-ground  and  line-to-line 
voltages  in  terms  of  wire  locations,  is  beyond  the  capa¬ 
bilities  of  any  elementary  type  of  calculation.  Modal 
analysis  techniques  are  called  for,  but  a  discussion  of 
that  subject  is  beyond  the  scope  of  this  book.  Em¬ 
pirical  estimates  are  often  about  the  best  that  can  be 
hoped  for. 

The  actual  magnitude  of  the  circuit  voltage  is  de¬ 
termined  as  much,  or  more,  by  the  impedances  of  the 
circuits  to  which  the  wires  connect  as  it  is  by  the  char¬ 
acteristics  of  the  wire.  Prudence  might  suggest  not 
counting  on  line-to-line  voltages  being  more  than  20 
dB  less  than  line-to-ground  voltages  unless  the  cir¬ 
cuits  have  been  carefully  designed  to  have  balanced 
impedances  at  both  ends  of  the  cable. 

Effect  of  a  ahiald:  If  the  wire  is  covered  with  a  shield 
pounded  at  only  one  end,  Fig.  14.8(b),  the  magnet¬ 
ically  induced  voltage  from  conductor  to  ground  will 
not  be  much  reduced,  though  the  shield  may  reduce 
the  voltage  between  conductor*.  The  field  will  induce 
as  much  voltage  between  the  end  of  the  shield  and 
ground  aa  it  does  between  the  conductor  and  ground. 
A  shield  grounded  at  each  end  mil  reduce  the  voltage, 
but  further  discussion  of  the  matter  will  be  deferred 
to  Chapter  16. 


Source  impedance:  The  ratio  of  open  circuit  voltage 
to  short  circuit  current  for  this  circuit  is  9.6  ohms,  a 
value  much  higher  than  found  for  the  resistively  cou¬ 
pled  example  of  Fig.  14.6.  As  in  §14.3.1  the  value 
of  surge  impedance  applies  only  for  a  magnetic  field 
having  the  indicated  waveshape. 

14.3.3  Response  to  Electric  Fields 

Equivalent  circuits  for  objects  exposed  to  an  elec¬ 
tric  field  are  not  as  intuitively  obvious  as  for  conduc¬ 
tors  exposed  to  IR  rises  or  to  changing  magnetic  fields. 
They  are  best  developed  by  discussing  the  short  circuit 
current  before  discussing  open  circuit  voltage. 

Short  circuit  currant:  For  conductors  exposed  to  a 
changing  magnetic  field,  the  voltage  end  current  can 
be  eliminated,  theoretically,  by  placing  the  conductors 
flush  with  the  ground  plane.  For  conductors  exposed 
to  a  changing  electric  field  this  may  not  be  so. 

Fig.  14.10(a)  (also  shown  in  §9.8.3)  shows  a  sur¬ 
face  exposed  to  a  changing  electric  field  the  field 
assumed  to  be  oriented  perpendicular  to  this  surface. 
The  changing  electric  field  will  produce  a  displacement 
current  and  if  a  portion  of  the  surface  is  isolated  and 
connected  to  the  rest  of  the  surface  through  a  conduc¬ 
tor,  the  current  through  that  conductor  will  be 

JP 

7»c  KtoA-^-  (14.11) 

where  K  is  unity  for  this  geometry  and 


Oriaatation  of  th*  Raid:  Eqs.  14.8  and  14.10  assume 
the  magnetic  field  to  be  oriented  at  right  angles  to  the 
plane  of  the  wire  loop.  If  the  field  were  oriented  differ¬ 
ently  the  induced  voltage  would  be  less,  but  for  simpli¬ 
fied  calculations  such  as  these  it  is  probably  prudent 
to  consider  only  worst  case  orientation  of  the  field. 


A  «  area  of  the  surface  -  m* 
to  =  8.854  x  lO-12  F/m 
E,  =  actual  electric  field  -  V /in 
t  *  time  •  seconds 

I,c  =  short  circuit  current  -  amperes 
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Fig.  14.10  Displacement  currents. 

(a)  Geometry 

(b)  Equivalent  circuit 

The  capacitance  of  the  plate  will  depend  on  its  ge¬ 
ometry  and  that  of  the  surroundings  surfaces,  and  is 
a  quantity  that  can  be  either  calculated  or  measured. 
The  capacitance  will  not  affect  the  short  circuit  cur¬ 
rent,  but  it  does  affect  the  open  circuit  voltage,  as  will 
be  discussed  shortly. 

An  alternative  view,  more  readily  adapted  to  nu¬ 
merical  circuit  analysis,  treats  the  problem  in  terms 
of  the  equivalent  circuit  shown  in  Fig.  14.10(b).  It 
involves  an  equivalent  capacitance  C*  connected  to  a 
fictitious  plate  at  a  height  ht,  the  plate  being  energised 
from  a  fictitious  voltage  source  V„ 

(14.12) 

where 

V,  »  htE  (14.13) 


Since  h,  appears  in  both  V,  and  C»,  and  thus  in  both 
numerator  and  denominator  of  Eq.  14.12,  its  value  is 
immaterial  and  can  be  taken  as  unity. 

The  current  depends  on  the  intensity  of  the  elec¬ 
tric  field  E,  actually  incident  on  the  isolated  section. 
If  the  isolated  section  were  set  flush  with  the  rest  of 
the  surface,  and  the  spacing  w  between  the  two  sec¬ 
tions  were  negligible,  then  the  actual  field  E,  would 
be  equal  to  the  undisturbed  field  £«. 


If,  as  shown  in  Fig.  14.11,  the  surface  is  raised 
above  the  surrounding  surface,  the  actual  electric  field 
intensity  Ea  would  be  greater  than  the  undisturbed 
field  £„.  Consequently,  such  a  surface  will  intercept 
more  displacement  current.  Calculating  the  current 
intercepted,  or  evaluating  the  factor  K  in  Eq.  14.11, 
would  require  evaluating  the  electric  field  intensity  at 
all  points  on  the  surface,  either  by  cut-and-try  field 
plotting  or  by  one  of  the  various  2D  and  3D  modeling 
techniques  discussed  in  Chapters  10  -  12. 


Fig.  14.11  Elevated  surface. 


A  simple  geometry  for  which  K  or  Ea  can  be  cal¬ 
culated  is  the  hemicylinder  shown  in  Fig.  14.12(a)  and 
(b).  For  it 

Em  *  2£„  cos  (14.15) 

Integrating  this  electric  field  over  the  surface  of  the 
hemicylinder  shows  that  it  will  intercept  twice  the  die- 
placement  current  of  a  flush  surface  having  the  same 
projected  area. 


Fig.  14.12  Hemicylinder. 

(a)  Geometry 

(b)  End  view 
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The  factor  I\  for  the  hemicylinder  is  thus  2.  The 
current  intercepted  by  several  other  geometries  was 
shown  on  Table  9.5,  and  values  of  K  for  them  could  be 
calculated.  Values  of  K  for  conductors  above  a  ground 
plane  can  readily  be  calculated,  as  will  be  discussed 
shortly. 

Open  circuit  voltage:  Open  circuit  voltage  is  most 
easily  obtained  by  integrating  the  displacement  cur¬ 
rent  in  the  known  (by  measurement  or  calculation) 
capacitance  of  the  conductor. 

V.c  ~  £  J  (14.16) 

Recognizing  that  I,e  is  proportional  to  the  rate  of 
change  of  electric  field,  the  open  circuit  voltage  of  the 
isolated  plate  of  Fig.  14.10(b),  for  example,  is 


One  equivalent  circuit,  Fig.  13(b),  treats  this 
open  circuit  voltage  as  being  connected  to  a  load 
through  the  capacitance  of  the  conductor,  the  capaci¬ 
tance  being  as  given  by  Eqs.  14.2  and  9.99.  The  short 
circuit  current  is  then 

/,c  =  Ce^r-  (1419) 

Another  equivalent  circuit.  Fig.  14.13(c),  is  more 
convenient  for  inclusion  in  circuit  analysis  programs. 
In  place  of  an  electric  field,  a  fictitious  surface  at  a 
height  ht  is  assumed,  the  surface  being  connected  to  a 
voltage  Vt  =  htE.  The  open  circuit,  voltage  can  then 
be  defined  in  terms  of  the  actual  physical  capacitance 
Cc  and  an  equivalent  coupling  capacitance  Ct  : 

Voc  =  v*c^cl-  (14-2°) 

If  h  <  1,  ht  may  be  taken  as  unity,  in  which  case 


where  C  is  the  capacitance  of  the  plate. 

Conductor*  above  ground:  For  the  case  of  an  iso¬ 
lated  conductor  above  ground,  Fig.  14.13(a),  the  open 
circuit  voltage  would  be 

Eor  m  hEm.  (14.18) 


c*  =  c2(i4x).  (14,21) 

K  factor*:  For  isolated  conductors  the  factor  K  as 
used  in  Eq.  14.11  can  be  calculated  by  equating  short 
circuit  currents  as  expressed  by  Eqs.  14.11  and  14.19. 
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Fig.  14.13  Equivalent  circuits  for  electric  field 
coupling  to  elevated  conductors. 

(a)  Geometry 

(b)  Equivalent  in  terms  of  and  Ct 

(c)  Equivalent  in  terms  of  V  and  C» 


h  2* 
d  '  \n(4h/d) 


(14.22) 


K  as  a  function  of  h/d  is  shown  in  Fig.  14.14. 


h/d 

Fig.  14.14  Factor  K  for  elevated  conductors. 

Example:  Fig.  14.15(a)  shows  the  conductor  of  Fig. 
14.6  exposed  to  an  electric  field  having  the  magnitude 
and  shape  given  by  Fig.  14.15(c).  The  equivalent  cir¬ 
cuit  of  Fig.  14.13(b)  was  derived  as  shown  in  Fig. 
14.13(c)  and  Eq.  14.21,  with  h,  taken  as  unity.  The 
open  circuit  voltage  and  short  circuit  current  would 
then  be  as  shown  in  Figs,  14  15(d)  and  (e). 


361 


Source  impedance:  The  source  impedance,  defined  by 
the  ratio  of  the  peak  voltage  and  current,  is  3681  ohms, 
a  number  much  higher  than  for  an  equivalent  conduc¬ 
tor1  exposed  to  IR  voltage  rises  or  a  magnetic  field, 
though  again  it  pertains  only  to  one  particular  wave¬ 
shape.  This  high  value  of  source  impedance  partially 
explains  why  it  is  easier  to  provide  effective  shielding 
against  electric  fields  than  against  magnetic  fields  or 
resistively  generated  voltages. 

Multiple  conductors:  If  there  are  multiple  conductors 
in  a  bundle,  the  displacement  currents  will  be  inter¬ 
cepted  primarily  by  the  outer  conductors  and  conse¬ 
quently  location  of  a  conductor  in  a  bundle  does  make 
a  difference  as  regards  the  capacitively  coupled  cur¬ 
rents,  unlike  the  situation  with  resistively  or  magneti¬ 
cally  induced  currents. 

Effect  of  a  shield:  Since  displacement  currents  are  in¬ 
tercepted  by  the  outermost  conductor,  a  shield  will 
reduce  capacitively  coupled  currents,  even  if  it  is 
grounded  at  only  one  end.  This  assumes  the  shield 
to  be  sufficiently  short  that  its  impedance  is  negligi¬ 
ble;  an  assumption  generally  made  in  discussions  of 
shielding  practices,  though  often  unstated. 

14.4  Transmission  Line  Effects 

Conductors  always  have  associated  with  them 
some  distributed  capacitance  and  inductance,  the  val¬ 
ues  of  which  are  determined  by  the  size  of  the  conduc¬ 
tors  and  the  distance  of  the  conductors  from  adjacent 
ground  planes  and  other  conductors.  When  these  are 
considered,  the  effect  of  changing  electric  and  magnetic 
fields  is  to  produce  oscillatory  voltages  and  currents. 

Example:  Fig.  14.16  shows  an  example,  the  wire 

of  Fig.  14.9  being  treated  as  a  transmission  line  of 
185  ohms  surge  impedance,  Eq.  14.3,  with  the  in¬ 
duced  voltage,  Fig.  14.16(c)  being  connected  at  the 
center.  The  calculations  pertain  to  a  magnetic  field 
with  a  faster  rate  of  rise  than  was  used  on  Fig,  14.9. 
The  distributed  nature  of  the  wire  gives  rise  to  trav¬ 
eling  waves  or  oscillations  that  persist  longer  than  the 
induced  voltage.  The  more  rapid  the  rate  of  change 
of  field,  the  more  pronounced  will  be  the  oscillations. 
Losses  reduce  the  oscillations  and  may  eliminate  them 
entirely,  at  least  as  calculated  for  simple  circuits. 

The  oscillations  are  not  noted  on  the  short  circuit 
current  since  it  responds  to  the  integral  of  the  induced 
voltage.  For  the  circuit  of  Fig.  14.16,  source  imped¬ 
ance  was  62  ohms,  several  times  higher  than  for  the 
situation  illustrated  in  Fig.  14.9.  The  difference  in  im¬ 
pedance  is  mostly  due  to  the  difference  in  waveshape 
of  the  magnetic  field. 


Complex  oscillations:  When  the  internal  magnetic 
field  is  of  complex  waveshape,  as  is  the  usual  case,  and 
not  the  idealized  inverse  exponential  function  shown  in 
the  preceding  figures,  the  resulting  open  circuit  volt¬ 
age  may  be  of  a  very  complex  nature.  A  few  examples 
were  shown  in  Chapter  8.  While  the  maximum  voltage 
may  be  difficult  to  predict,  given  the  complex  nature 
of  the  superimposed  oscillations,  the  amplitude  of  the 
envelope  can  at  least  be  approximated  using  the  ele¬ 
mentary  techniques  described  above. 

Frequency:  The  frequency  of  the  superimposed  oscil¬ 
lations  tends  to  be  inversely  proportional  to  the  con¬ 
ductor  length.  Conductors,  such  as  shields,  grounded 
at  one  end  tend  to  ring  as  quarter-wave  dipoles.  For 
example,  a  conductor  10  m  long  tends  to  ring  at  7.5 
MHz.  Even  this  simple  relationship  is  difficult  to  ap¬ 
ply,  since  one  conductor  is  seldom  free  of  the  influence 
of  adjacent  conductors.  Capacitance  and  inductance 
at  the  ends  of  the  conductors  make  the  oscillatory  fre¬ 
quencies  lower  and  may  result  in  oscillations  being  ex¬ 
cited  in  a  complete  circuit  when  they  would  not  be 
excited  if  only  the  distributed  inductance  and  capaci¬ 
tance  of  the  conductors  were  involved. 

Aircraft  wiring  is  usually  grouped  into  bundles, 
the  bundles  usually  containing  both  short  and  long 
conductors.  The  assembly,  even  if  exposed  to  a  mag¬ 
netic  field  of  simple  waveshape,  will  oscillate  in  a  com¬ 
plex  manner.  Generally  there  will  be  one  dominant  fre¬ 
quency  with  several  other  frequencies,  usually  higher., 
superimposed.  Each  will  have  its  own  characteristic 
decrement.  About  the  only  reliable  generalization  is 
that  the  bundles  associated  with  large  aircraft  will  be 
longer  than  the  bundles  associated  with  small  aircraft 
and  will  generally  oscillate  at  lower  frequencies.  On 
fighter  aircraft,  measurements  of  induced  voltages  have 
shown  the  characteristic  frequencies  to  be  in  the  range 
1  to  10  MHz. 

Currents  measured  on  bundles  of  conductors  also 
tend  to  be  oscillatory,  like  the  voltages,  as  long  as 
the  conductors  are  part  of  a  wiring  group  employing  a 
single-point  ground  concept.  Currents  on  conductors 
contained  in  a  shield  grounded  at  each  end  tend  not 
to  be  oscillatory,  but  to  follow  the  underlying  shape  of 
the  internal  magnetic  field. 

14.5  Magnetic  Field  Zones 

From  the  discussions  of  the  preceeding  chapters  it 
can  be  seen  that  the  task  of  mapping  the  electromag¬ 
netic  fields  inside  a  vehicle  and  making  detailed  flow- 
down  calculations  to  determine  the  voltage  or  current 
on  all  circuits  and  cables  could  be  a  formidable  task.  A 
possible  solution  to  the  flowdown  problem  lies  in  rec- 
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ognizing  that  aircraft,  or  at  least  aircraft  within  a  par¬ 
ticular  category,  tend  to  possess  characteristic  zones, 
though  the  zones  to  be  discussed  should  not  be  con¬ 
fused  with  the  lightning  strike  zones  discussed  in  the 
chapters  dealing  with  direct  effects  of  lightning. 

As  an  example  of  a  magnetic  field  zone,  consider 
the  cockpit  of  a  fighter  aircraft.  It  can  be  regarded 
as  a  magnetically  open  region  exposed  primarily  to 
aperture -coupled  magnetic  fields.  Within  reasonable 
limits,  all  fighter  aircraft  probably  have  approximately 
the  same  magnetic  field  in  the  cockpit. 

Another  type  of  equipment  zone  characteristic  of 
fighters  would  be  equipment  bays  located  in  the  for¬ 
ward  section  and  behind  the  rtdorne.  All  such  equip¬ 
ment  bays  tend  to  be  alike,  the  differences,  perhaps, 
relating  mostly  to  the  type  of  fasteners  used  to  hold 
the  covers  in  place.  The  structure  within  a  wing  pro¬ 
vides  a  type  of  magnetic  field  fundamentally  different 
from  either  the  cockpit  or  the  forward  equipment  bays. 

Accordingly,  it  would  seem  possible  to  divide  an 
aircraft  into  a  relatively  small  number  of  typical  zones, 
to  assign  a  ruling  or  characteristic  magnetic  field  inten¬ 
sity  to  those  zones,  and  to  provide  rather  simplified  ta¬ 
bles  or  nomograms  listing  the  characteristic  transient 
likely  to  be  induced  in  wiring  of  a  given  length. 

This  concept  of  dividing  an  aircraft  structure  into 
different  magnetic  field  zones  and  assigning  a  ruling 
magnetic  field  strength  to  each  zone,  while  imper¬ 
fectly  formulated  at  present,  is  fundamentally  no  dif¬ 
ferent  from  the  civil  engineering  practice  of  designing 
a  structure  to  withstand  a  standard  (generally  worst 
case)  wind  loading.  While  the  wind  loading  may  differ 
widely  at  different  points  on  the  structure,  the  task  of 
calculating  the  wind  loading  on  each  and  every  struc¬ 
tural  member  would  probably  be  sufficiently  expensive 
that  it  would  offset  the  savings  that  one  might  realize 
by  tailoring  each  structural  member  to  its  own  specific 
wind  loading. 

14.5.1  Zones  as  Applied  to  the  Space 
Shuttle 

This  concept  of  dividing  an  aircraft  into  shield¬ 
ing  zones  was  first  used  on  the  Space  Shuttle  (14.1). 
The  zones  so  defined  are  shown  in  Fig.  14.17.  Tire 
electromagnetic  fields  assigned  to  each  of  these  zones 
were  initially  estimated  by  a  group  of  engineers  knowl¬ 
edgeable  about  lightning  interactions.  These  magnetic 
fields  were  then  refined  during  the  course  of  an  exten¬ 
sive  analytical  investigation. 

The  magnetic  field  amplitudes  assigned  to  each  of 
these  zones,  based  on  the  analytical  study,  are  given 
in  Table  14.1,  The  fields  were  divided  into  two  com- 


SHUTTLE  JONH 

I  FLIGHT  DECK  6  FAY10AD  BAY 

3  CENTER  (OUIFMENT  B*Y  7  AFT  EQUIPMENT  BAY 

3  LOWER  EQUIPMENT  BAY  B  ENGINE  COMPARTMENT 

4  FORWARD  TOP  9  VERTICAL  STABILIZER 

3  FORWARD  CiNTER  10  WING 


Fig.  14.17  Shielded  zones  within  the  Orbiter  vehicle. 


Table  14.1 

Magnetic  Fields  in  Different  Zones 
of  the  Space  Shuttle  Orbiter 


Zone 

Aperture  Fields 
A-component  (A/m) 

Diffusion  Fields 
B-component  (A/m) 

1 

1200 

800 

2 

60 

200 

3 

0 

200 

4 

50 

150 

5 

50 

100 

6 

280 

300* 

150** 

7 

50 

570 

8 

200 

680 

9 

200 

3700 

10 

65 

300 

*Payload 
•*No  payload 

ponents,  an  A-component  referring  to  fields  coupled 
through  apertures  and  a  B-component  referring  to 
fields  coupled  by  diffusion  through  metal  surfaces.  The 
A-component  of  the  field  would  tend  to  have  the  same 
rapidly  changing  waveshape  as  the  external  magnetic 
field,  while  the  B-  component  would  have  a  much 
slower  waveshape. 

In  the  SptLce  Shuttle  study  the  waveforms  of  the 
different  components  were  taken  to  be  as  shown  on 
Figure  11.14.  In  each  case  the  field  intensity  was 
based  on  a  worst  case  200  kA  lightning  current  passing 
through  the  Orbiter  vehicle.  The  field  amplitudes  of 
Table  14.1  were  the  maximum  amplitudes  calculated 
for  any  of  the  possible  lightning  current  entry  or  exit 
points.  While  no  particular  claim  for  accuracy  can  be 
made  about  any  individual  point  within  the  Orbiter, 
the  field  amplitudes  at  least  seem  reasonable. 
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14.5.2  Calculation  of  Voltage  and  Cwrent 

If  the  assumptions  are  made  that  there  is  a  ruling 
field  for  a  particular  zone  and  that  the  magnetic  fields 
have  linearly  changing  waveshapes  (constant  rates  of 
change),  then  it  is  possible  to  derive  some  simplified 
relationships  between  the  magnetic  field  and  the  re¬ 
sulting  induced  voltages  and  currents.  The  princ:ples 
were  reviewed  in  §14.2.  As  applied  to  the  Space  Shut¬ 
tle,  additional  assumptions  were: 

1.  The  conductor  was  of  length  /,  diameter  d,  and 
spaced  a  height  h  above  a  ground  plane. 

2.  The  magnetic  field  was  oriented  to  produce  max¬ 
imum  voltages  in  the  conductor. 

3.  One  end  of  the  conductor  was  grounded. 

4.  The  magnetic  fields  were  of  the  shape  shown  in 
Fig.  14.18.  The  figures  and  tables  that  follow 
would  have  to  be  recalculated  if  the  fields  had 
different  waveshapes. 

These  are  also  the  assumptions  made  in  §14.2. 


Fig.  14.18  Waveforms  used  for  Orbiter  analysis. 

(a)  Lightning  current 

(b)  Aperture-coupled  field,  A-component 

(c)  Diffusion -coupled  field,  B -component 


Opan  circuit  voltage:  The  open  circuit  voltage  was 
assumed  to  be  developed  only  by  the  aperture  cou¬ 
pled  magnetic  fields,  ail  of  which  were  assumed  to  rise 
linearly  to  their  peak  in  two  microseconds.  Then: 

V0 e  >  KylhH  (14.23) 

where 

Ki  =  0  63  if  l  and  h  are  in  meters 

K\  =  0.63  x  10-4  if  l  and  h  are  in  centimeters 

A'i  =  0.41  x  10-3  if  /  and  h  are  in  inches 

In  all  cases  H  is  expressed  in  amperes  per  meter. 
The  waveshape  of  the  open  circuit  voltages  would  be 
proportional  to  the  derivative  of  the  H  field,  and  hence 
is  likely  to  be  oscillatory. 

Short  circuit  current:  Short  circuit  current  was  as¬ 
sumed  to  be  governed  by  the  diffusion-coupled  mag¬ 
netic  field  and,  for  conductors  grounded  at  each  end 
was 

Igc  =  K 2  hH  (14.24) 

where  A'2  was  given  by  either  Fig.  14.19  or  14.20,  ac¬ 
cording  to  the  units  used  for  measurement  of  the  con¬ 
ductor.  Since  current  was  governed  by  the  dimensions 
of  the  conductor,  or  more  exactly  by  its  inductance, 
A"  was  not  a  constant,  but  depended  on  the  ratio  h/d, 
as  well  as  the  rise  and  fall  times  of  the  magnetic  field. 

Conductor  length  does  not  influence  short  circuit 
current.  The  waveshape  of  the  short  circuit  current 
tends  to  be  the  same  as  that  of  the  incident  magnetic 
field. 

The  height,  h,  of  the  cable  bundle  above  a  ground 
plane  is  difficult  to  specify  because  the  ground  plane  is 
seldom  purely  a  plane  surface  and  because  cable  bun¬ 
dles  are  frequently  strapped  directly  to  a  supporting 
structure.  For  purposes  of  analysis  it  was  assumed: 

1.  That  height  h  was  measured  to  the  nearest  sub¬ 
stantial  metallic  structural  member. 

2.  That  if  the  cable  bundle  was  laid  directly  on  that 
member,  h  equaled  one-half  the  cable  diameter. 

3.  That  if  the  cable  bundle  was  elevated  above  the 
metallic  structural  member,  h  equaled  the  clear 
height  above  the  member  plus  one-half  the  cable 
diameter.  If  the  cable  height  differed  along  its 
length,  an  average  height  was  used. 

Based  on  Eqs.  14.23  and  14.24,  Fig.  14.18.  and 
Table  14.1,  the  voltages  and  currents  on  typical  wiring 
in  the  Space  Shuttle  Orbiter  were  calculated.  The  re¬ 
sults  are  shown  on  Table  14.2  [14.1]. 
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Screening  calculations:  Analyses  of  the  nature  illus¬ 
trated  were  made  for  wiring  on  the  Space  Shuttle  Or- 
biter  and  used  for  preliminary  screening  of  all  critical 
circuits  [14.2].  Fbr  each  conductor  an  estimate  was 
made  of  the  expected  open  circuit  voltage  and  short 
circuit  current  and  then  an  analysis  was  made  to  see 
if  the  electrical  and  electronic  components  to  which 
that  circuit  connected  could  reasonably  be  expected 
to  withstand  those  voltages  and  currents.  Part  of  the 
process  involved  estimating  the  margin  between  what 
the  equipment  could  reasonably  withstand  and  the 
voltages  and  currents  estimated  by  these  simple  tech¬ 
niques.  For  those  relatively  few  circuits  where  there 
was  a  problem,  or  where  the  margin  was  not  enough 
for  comfort,  more  refined  calculations  were  made  and, 
if  necessary,  circuits  were  modified. 


Table  14.2 

Open  Circuit  Voltage  and  Short  Circuit  Cable 
Current  in  the  Various  Zones  of  the 
Space  Shuttle 


Zm* 

h*li* 

Voltage 

(v«fm 

<0.0269  m 

IlMpMWl 

b>3i«. 

Voltage 

fvotui 

<0.0604  Ml 
Cttfimi 

<SMptM»l 

k*lk 

Voltage 

<«ohsi 

<0.1270  Ml 
CwtaU 
fampemt 

6  •  10  ta. 
Volttge 

(voitil 

10464  m) 
Cwvent 
lanpeml 

1 

76.90 

I33J 

I53J 

164.9 

3644 

3214 

769.1 

521.1 

2 

3.92 

7.10 

744 

9.42 

1*49 

1647 

39.14 

2644 

1 

0.065 

0.154 

0.170 

0404 

0.425 

0456 

0450 

0476 

4 

3.25 

5J9 

4.51 

7J2 

1647 

1342 

3244 

2245 

5 

3.23 

345 

4.46 

7.76 

14.14 

1341 

3129 

2147 

4 

17.99 

3159 

35.99 

43.26 

69.94 

7341 

179.9 

121.9 

7 

3.43 

6.21 

447 

124 

17.14 

1446 

3443 

2346 

1 

13.05 

23.64 

24.lt 

3141 

6547 

3442 

1304 

69.44 

* 

14.33 

25.96 

2144 

34.45 

7145 

39.96 

1434 

4749 

10 

4.27 

7.74 

146 

1044 

2IJ7 

1741 

4173 

26.94 

•Afl  values  bMtd  «a  sable  length  of  IS 7. 41  toshes  (4  m)  iid  diameter  of  I  inch  <00254  mi.  For  other  lengthi. 
Mile  the  voltage  proportionately. 

14.6  Modeling 


This  section  will  provide  some  further  discussion 
of  the  art  of  modeling  circuit  response,  either  by  hand 
calculations  or  with  the  aid  of  numerical  circuit  anal¬ 
ysis  routines.  All  of  the  discussion  will  deal  with  time 
domain  modeling,  though  the  equivalent  circuits  to  be 
developed  can  equally  well  be  solved  with  the  aid  of 
frequency  domain  circuit  analysis  programs. 

frequency  domain  modeling  has  some  advantages, 
particularly  in  that  frequency  dependent  losses  of  con¬ 
ductors  can  be  more  readily  modeled  than  in  time 
domain  programs  and  that  characteristic  frequencies 
of  circuits  are  readily  revealed.  Disadvantages  of  fre¬ 
quency  domain  modeling  are  that  it  is  not  readily 
adapted  to  analysis  of  non-linear  surge  protective  de¬ 
vices  and  that  conversion  to  the  time  domain  requires 
time  consuming  Fourier  transforms,  frirther  discus¬ 
sion  of  the  relative  merits  of  time  domain  vs  frequency 
domain  modeling  is,  however,  beyond  the  scope  of  this 
introductory  treatment. 

14.6.1  Steps  in  the  Modeling  Process 

Some  of  the  steps  involved  in  modeling  the  re¬ 
sponse  of  a  circuit  are  the  following. 

1.  Break  the  aircraft  geometry  into  manageable  sec¬ 
tions,  such  the  magnetic  field  zones  discussed 
above. 

2.  Simplify  the  cable  geometry  by  determining  aver¬ 
age  cable  diameters  and  average  heights  relative 
to  the  surrounding  ground  structure. 

3.  Determine  the  ruling  electric  and  magnetic  fields 
for  the  zones  discussed  in  Step  1. 
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4.  Determine  the  voltages  and  currents  developed  by 
the  fields.  These  will  be  used  to  drive  the  equiv¬ 
alent  circuits. 


sections  by  those  fields.  To  simplify  the  illustrations  to 
follow,  only  the  magnetically  induced  voltages  shown 
in  Figs,  14.26  and  14.27  will  be  considered. 


5.  Develop  equivalent  circuits  of  cable  sections. 

6.  Identify  end  impedances,  perhaps  limited  to  opens 
and  shorts. 

7  Develop  complete  equivalent  circuits. 

8.  Calculate  response. 

14.6.2  Example  of  Modeling 

The  above  steps  will  be  illustrated  for  the  hypo¬ 
thetical  aircraft  of  Fig.  14.21.  It  should  be  viewed 
only  as  illustrating  the  steps  in  the  modeling  process, 
and  not  as  a  representation  of  an  actual  circuit  in  any 
realistic  aircraft. 

The  illustrations  will  assume  that  the  aim  is  to 
develop  an  equivalent  circuit  that  can  be  solved  with 
a  time  domain  circuit  analysis  program  that  accepts 
a  description  of  the  circuit  in  terms  of  its  nodes  and 
branches.  Several  programs  that  do  so  are  ECAP, 
SPICE  and  EMTP,  principles  of  which  are  described 
in  the  literature  [14.3  -  14.7].  The  illustrations  that 
follow  were  performed  using  a  program  [14.8]  based 
on  the  principles  described  in  [14.5], 


Fig.  14.21  Hypothetical  aircraft. 


Breaking  into  sections:  For  this  illustration  the  air¬ 
craft  will  be  assumed  divided  into  the  three  indicated 
zones.  A  cable  runs  from  the  cockpit  to  the  cargo  bay, 
with  no  intermediate  branches. 

Cable  geometry:  The  cable  geometry,  heights  and  dis¬ 
tances  from  ground  planes,  will  be  assumed  to  be  as 
shown  in  Figs.  14.22  •  14.24. 

E  and  H  fields:  The  electric  and  magnetic  fields  in  the 
different  zones  will  be  assumed  to  be  as  shown  in  Figs. 
14.25  •  14.27.  The  figures  also  show  the  currents  and 
voltages  that  would  be  developed  in  the  various  cable 


diameter  =1.5  cm 

K-  a  Z  4  '777777^' 

(b)  (c) 


Fig.  14.22  Cable  in  zone  A. 

(a)  Lengths 

(b)  Position  for  run  A 

(c)  Position  for  run  B 
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Fig.  14.23  Cable  in  zone  B. 
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Fig.  14.24  Cable  in  zone  C. 


Fig.  14.26  Magnetic  field  effects  in  zone  B. 

(a)  Magnetic  field 

(b)  Induced  voltage 
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Fig.  14.25  Electric  field  effects  in  zone  A. 

(a)  Electric  field 

(b)  Injected  current 
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Fig.  14.27  Magnetic  field  effects  in  zone  C. 

(a)  Magnetic  field 

(b)  Induced  voltage 


The  magnetically  induced  voltages  will  be  taken 
as  independent  voltage  sources  having  trapezoidal 
waveforms  with  front  and  fall  times  of  10  ns  and  hav¬ 
ing  starting  times  and  durations  as  indicated  on  the 
figures.  Most  circuit  analysis  programs  require  that 
voltage  sources  be  described  as  being  in  series  with 
a  branch  of  some  sort,  rather  than  existing  indepen¬ 
dently.  For  these  illustrations  they  will  be  taken  as 
being  in  series  with  1  ohm  resistors,  though  they  could 
equally  well  have  been  in  series  with  one  of  the  induc¬ 
tors  comprising  a  lumped  parameter  representation  of 
a  transmission  line. 

The  electrically  induced  currents  could  be  taken 
as  a  current  source  in  shunt  with  some  branch,  though 
some  circuit  analysis  programs  allow  a  current  source 
to  be  connected  directly  to  a  node.  The  circuits  that 
follow  show  such  a  connection,  but  the  electrically  in¬ 
duced  currents  in  Zone  A  were  not  included  in  the 
simulations  since  they  were  fairly  small.  Further  dis¬ 
cussion  of  methods  of  treating  sources,  including  the 
use  of  dependent  sources  to  treat  coupling  between  cir¬ 
cuits,  is  given  in  [14.9]. 

Equivalents  of  cable  sections:  If  the  circuit  solution 
program  to  be  used  allows  it,  the  simplest  represen¬ 
tation  of  a  conductor  treats  it  as  a  transmission  line 
having  a  certain  surge  impedance  and  velocity  of  prop¬ 
agation.  If  not,  a  conductor  should  be  represented 
as  a  ladder  network  of  series  inductors  and  shunt  ca¬ 
pacitors.  For  these  analyses,  the  cable  sections  were 
treated  as  two  inductors  in  series  with  the  shunt  ca¬ 
pacitance  distributed  1/6  at  each  end  and  2/3  at  the 
junction  of  the  two  inductors.  The  appropriate  voltage 
sources  for  the  cable  sections  were  connected  between 
the  two  inductors.  The  appropriate  impedances  for 
the  various  sections  of  cable  were  as  indicated  in  Figs, 
14.28  -  14.31. 

The  number  of  lumps  into  which  a  distributed 
transmission  is  broken  depends  on  the  accuracy  de¬ 
sired  of  the  solution.  Use  of  more  lumps  gives  greater 
accuracy  (broader  frequency  range  of  validity),  but 
incurs  greater  computation  time.  Discussion  of  the 
merits  of  various  modeling  alternatives  is  beyond  the 
scope  of  this  section.  The  illustrations  that  follow, 
however,  show  little  significant  difference  between  the 
response  as  calculated  by  the  rather  crude  lumped  con¬ 
stant  approach  and  the  more  refined  transmission  line 
approach. 

Any  discussion  of  the  merits  of  different  modeling 
approaches  must,  of  course,  recognize  that  the  wiring 
system  of  any  real  aircraft  is  probably  too  complex  to 
model  with  complete  precision  whichever  approach  is 
used. 
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Fig.  14.28  Equivalent  impedance  for  run  A 
in  zone  A. 

(a)  Transmission  line 

(b)  Lumped  constant 
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Fig.  14.29  Equivalent  impedance  for  run  B 
in  zone  A. 

(a)  Transmission  line 

(b)  Lumped  constant 
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Fig.  14.30  Equivalent  impedance  for  run  C 
in  zone  B. 

(a)  Transmission  line 

(b)  Lumped  constant 
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Fig.  14.35  shows  the  short  circuit  current  calcu¬ 
lated  when  the  cable  is  grounded  through  a  low  imped¬ 
ance,  1  ohm,  at  the  end  in  the  cargo  bay.  As  predicted 
by  elementary  theory,  the  current  is  less  oscillatory 
than  the  open  circuit  voltage. 


1  =  2.5m  (8.2ft)  1  =  2.5m 

(b)  (8.2ft) 


Fig.  14.31  Equivalent  impedance  for  run  D 
in  zone  C- 

(a)  Transmission  line 

(b)  Lumped  constant 

End  impedances:  For  these  illustrations  the  cable  will 
be  assumed  to  be  grounded  through  a  low  impedance 
(1  ohm)  in  the  cockpit  and  in  the  cargo  bay  to  be  con¬ 
nected  to  ground  through  a  500  pF  capacitor  shunted 
by  a  resistor,  100  kilohms  for  calculation  of  open  cir¬ 
cuit  voltage  and  1  ohm  for  calculation  of  short  circuit 
capacitance.  In  any  actual  calculation  the  terminal  im¬ 
pedances  would  have  to  be  determined  by  inspection 
of  the  circuit,  perhaps  supplemented  by  measurements 
of  stray  capacitance. 


Discussion:  The  above  calculations  were  made  with 
the  program  described  in  [14.8]  and  using  a  16  bit  desk¬ 
top  computer  running  at  8  MHz  clock  speed.  Solution 
time  for  1000  to  5000  time  steps  was  a  few  minutes. 
No  attempt  has  been  made  to  compare  solution  time 
or  accuracy  with  other  circuit  analysis  programs  on 
other  computer  systems. 

The  calculations  show  no  significant  differences 
between  the  results  made  using  transmission  line  or 
lumped  constant  representations. 

14.6.3  Extensions  and  Limitations  of 
Modeling 

The  above  equivalent  circuits  are  probably  of 
about  the  minimum  degree  of  complexity  that  should 
be  used  if  the  results  of  calculations  are  to  have  actual 
utility.  More  sophisticated  modeling  should  include 
provision  for  losses  in  the  circuit,  for  coupling  between 
different  cable  systems  and  conductors,  and  for  treat¬ 
ment  of  multi-mode  propagation  between  conductors 
in  a  cable  bundle. 


Complete  equivalent  circuits:  Two  representations 
of  the  complete  circuit  are  shown;  Fig.  14.32  showing 
a  representation  based  on  transmission  lines  and  Fig. 
14.33  showing  one  based  on  lumped  constants.  Each  of 
them  shows  four  equivalent  sources,  but  only  Ha  and 
Hg  were  used  in  the  calculations,  Ea  and  He  being 
of  small  magnitude  and,  perhaps,  not  greatly  affecting 
the  response  of  the  circuit. 

Calculated  response:  Figs.  14.32  and  14.33  also 
show  the  magnitude  and  waveshape  of  the  current  cal¬ 
culated  to  exist  at  the  grounded  end  in  the  cockpit 
and  the  voltage  calculated  to  exist  at  the  open  end 
in  the  cargo  bay.  Each  of  the  responses  is  oscillatory, 
as  is  generally  the  case  for  real  circuits  in  actual  air¬ 
craft,  where  the  response  is  excited  by  changing  elec¬ 
tric  and  magnetic  fields.  The  current  at  the  grounded 
end  shows  higher  frequency  components  superimposed 
on  a  lower  frequency  fundamental  oscillation.  At  the 
open  end  in  the  cargo  bay  the  higher  frequency  oscil¬ 
lations  are  filtered  out  by  the  500  pF  shunt  capacitor. 

Voltages  and  currents  at  intermediate  points  will 
tend  not  to  have  high  frequency  components  filtered 
out  by  terminal  capacitance.  Fig.  14.34,  as  an  exam¬ 
ple,  shows  the  voltage  at  the  junction  of  cable  runs  C 
and  D. 


Losses:  In  the  circuits  of  Figs.  14.32  and  14.33  no 
attempt  was  made  to  model  the  losses  of  the  circuit, 
losses  that  reduce  the  degree  to  which  the  circuits  os¬ 
cillate.  A  first  order  approximation  to  these  losses 
could  be  made  by  including  series  resistance  in  the  cir¬ 
cuit,  either  by  invoking  the  resistive  option  provided 
by  [14.5]  and  [14.8]  for  transmission  lines  or  by  includ¬ 
ing  lumped  resistances  in  series  with  the  inductors  of 
Fig.  14.33.  Losses  in  actual  circuits  are  very  frequency 
dependent  and  difficult  to  incorporate  in  circuit  analy¬ 
sis  programs,  though  considerable  work  has  been  done 
on  methods  of  doing  so  [14.10  -  14.12]. 

Circuit-to-circuit  coupling:  Many  problems  of  cou¬ 
pling  between  circuits  can  probably  be  done  by  mod¬ 
eling  mutual  impedance  and  mutual  capacitance  be¬ 
tween  circuits.  Some  of  the  considerations  in  calculat¬ 
ing  the  coupling  are  given  in  [14.9].  Almost  all  circuit 
analysis  programs  include  mutual  inductors  as  an  al¬ 
lowable  circuit  element.  Some  of  them  include  provi¬ 
sion  for  coupled  transmission  lines. 

Multi-mode  propagation:  Realistic  calculation  of 
voltages  and  currents  on  closely  coupled  conductors 
requires  recognition  that  waves  between  conductors 
generally  propagate  at  speeds  slower  than  waves  prop- 
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agating  between  the  conductors  and  ground.  In  partic¬ 
ular  this  is  true  for  waves  propagating  inside  shielded 
conductors,  where  the  analysis  problem  might  involve 
determining  the  currents  propagating  on  the  outside  of 
a  shield  and  from  that  determining  the  voltages  and 
currents  induced  on  the  conductors  inside  the  shield. 
Multi-mode  propagation  is  discussed  in  the  literature 
[14.13  -  14.16]  and  is,  to  some  degree,  available  in  cir¬ 


cuit  analysis  programs  [14.17,  14.18].  'lYeatment  of 
the  effects  greatly  complicates  calculations  and  prob¬ 
ably  should  be  considered  at  the  edge  of  the  modeling 
art. 

Some  discussions  of  equivalent  circuits  for  shielded 
conductors  are  given  in  Chapter  16.  Those  circuits 
can  be  used  with  dependent  current  sources  to  provide 
some  degree  of  modeling  of  the  coupling  into  shielded 
circuits. 


(b)  (c) 


Fig.  14.32  Circuit  modeled  as  transmission  lines. 

(a)  Equivalent  circuit 

(b)  /j  -  cockpit 

(c)  Vj  -  cargo  bay 
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Fig.  14.33  Circuit  modeled  as  lumped  constants. 

(a)  Equivalent  circuit 

(b)  I\  -  cockpit 

(c)  V3  -  cargo  bay 
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Fig.  14.34  Voltage  at  junction  of  cable 
runs  C  and  D. 

(a)  Transmission  line  modeling 

(b)  Lumped  constant  modeling 
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Chapter  IS 


SHIELDING 


15.1  Introduction 

If  electronic  equipment  is  to  be  operated  in  a  re¬ 
gion  where  there  are  changing  electromagnetic  fields, 
and  if  experience  or  analysis  indicates  that  the  currents 
and  voltages  induced  by  those  fields  may  be  harm¬ 
ful,  the  most  straightforward  approach  toward  achiev¬ 
ing  transient  compatibility  is  through  shielding,  both 
of  interconnecting  wiring  and  of  electronic  equipment. 
Frequently  the  electronic  equipment  will  be  inherently 
shielded  by  enclosures,  though  there  are  practices  that 
can  defeat  the  inherent  shielding  of  metal  enclosures 
and  there  are  non-metailic  enclosures  that  offer  lit- 
tie  shielding.  Discussions  that  follow  will  comment  on 
shielding  provided  by  enclosures^  but  they  will  treat 
mostly  with  shields  on  conductors. 

15.2  Shielding  Effectiveness 

The  degree  to  which  a  cable  shield  reduces  the 
voltage  induced  on  a  conductor  depends  on  the  con¬ 
struction  of  the  shield,  solid  tubular,  braided,  tape 
wound,  diameter,  thickness,  material  resistivity  etc. 
All  of  these  are  factors  that  affect  the  resistance  of  the 
shield.  Braided  shields  for  cables  are  almost  universely 
made  from  copper,  but  solid  shields,  such  as  conduits 
and  enclosures  are  most  commonly  made  from  alu¬ 
minum.  Aluminum  has  the  virtue  of  light  weight,  but 
copper  has  the  virtue  of  solderability  and  resistance  to 
cold  flow  at  pressure  points.  Magnetic  materials,  such 
as  iron  and  steel,  can  provide  more  shielding  effective¬ 
ness  than  either  copper  or  aluminum,  but  are  seldom 
either  needed  or  used  in  aircraft. 

The  above  factors  also  affect  the  transfer  imped¬ 
ance  and  how  the  noise  current  flowing  on  the  shield 
of  the  cable  is  related  to  the  noise  signals  coupled  onto 
the  signal  conductors.  The  concept  of  transfer  imped¬ 
ance  was  previously  discussed  in  §9.0.4  and  §9.9,  the 
quantity  of  most  interest  for  this  discussion  being  the 
transfer  impedance  with  external  return,  discussed  in 
§9.9.1.  Transfer  impedance  of  cable  shields  will  also 
be  discussed  in  §15.6.  The  noise  voltages  are  also  af¬ 
fected  by  the  way  that  the  shield  and  conductors  are 
connected  to  ground  and  loads.  The  effects  of  these 
connections,  discussed  in  §15.3,  are  often  of  more  im¬ 
portance  than  the  construction  of  the  shield. 

In  this  chapter,  transfer  impedances  are  discussed 
in  §15.6  while  the  more  important  connection  effects 


are  discussed  in  §15.3.  The  ultimate  aim  of  the  dis¬ 
cussion  is  to  develop  equivalent  circuits  relating  the 
voltage  on  conductors  to  the  magnitude  of  the  inter¬ 
fering  current.  Section  15.7  provides  tabular  data  on 
the  transfer  impedance  of  various  types  of  cable. 

In  steady  state  or  frequency  domain  analyses  of 
radio  frequency  interference  (RFI),  shields  are  gener¬ 
ally  rated  in  terms  of  their  shielding  effectiveness  (SE) 
a  quantity  generally  relating  the  voltages  or  currents 
on  conductors  with  and  without  a  shield,  the  definition 
of  shielding  effectiveness  being 


SE  =  20  log 


voltage  (or  current)  without  shield 


voltage  (or  current)  with  shield 

(15.1) 

When  discussing  transient  or  time  domain  analy¬ 
ses,  the  above  definition  of  SE  may  not  be  the  most 
valuable  concept  because  shields  not  only  reduce  the 
amplitude  of  interfering  voltages  and  currents,  but 
change  their  waveshape  as  well.  The  SE  does  not  ac¬ 
count  for  the  changes  of  amplitude.  It  is  better  to  keep 
all  analyses  in  the  time  domain  and  to  discuss  shield¬ 
ing  in  terms  of  transfer  impedances,  the  approach  that 
will  be  taken  in  the  bulk  of  the  material  to  follow. 


15.3  Cable  Grounding  Effects 


In  aircraft,  shielded  conductors  axe  most  com¬ 
monly  used  to  control  low-level  and  low-frequency  in¬ 
terference  signals.  How  to  ground  shields  is  often  a 
controversial  matter,  with  one  school  recommending 
that  shields  be  grounded  at  only  one  end  and  another 
school  recommending  they  be  grounded  at  both  ends. 


Single  point  grounding:  The  aim  of  the  single  point 
ground  concept  is  to  minimize  the  flow  of  noise  current 
on  shields  and  so  minimize  the  voltage  rise  along  the 
shields.  The  assumptions,  often  unstated,  are  that  the 
shields  are  short  and  that  their  function  is  to  inter¬ 
cept  low  frequency  electric  field  displacement  currents 
and  keep  those  currents  from  flowing  on  high  imped¬ 
ance  circuits.  “Short"  implies  that  the  shield  must  be 
a  small  fraction  of  the  wavelength  of  the  interfering 
signal,  perhaps  L/ 20.  With  30  kHz,  as  an  example, 
the  wavelength  is  10  km  and  any  shield  on  an  aircraft 
would  be  “short”. 
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(d) 


Fig.  15.1  Single  point  ground  on  shield. 

(a)  Shield  used  as  a  conductor 

(b)  Unbalanced  two  wire  transmission 

(c)  Balanced  transmission  and  reception 

(d)  Loaded  source 

The  single  point  ground  concept  is  most  applica¬ 
ble  in  a  situation  such  as  that  of  Fig.  15.1(a)  in  which 
a  source  feeds  a  load  in  a  grounded  enclosure.  If  the 
source  is  physically  and  electrically  ungrounded,  any 
noise  voltage  that  might  exist  between  the  source  and 
ground,  Vj,  or  between  the  source  end  of  the  shield 
and  ground,  V2,  does  not  couple  to  the  interior  of  the 
shield  and  is  of  no  consequence. 

Noise  currents  on  the  shield  are  most  objection¬ 
able  if  the  shield  is  used  as  return  for  the  source,  Fig. 
15.1(a),  since  any  shield  voltage  is  directly  added  to 
the  signal  from  the  source.  Shield  voltages  are  of  lesser 
concern  if  two-wire  transmission,  Fig.  15.1(b),  is  used, 
since  the  shield  voltages  couple  then  only  through  the 
capacitance  between  the  shield  and  the  signal  conduc¬ 
tors.  Shield  voltages  are  of  least  concern  if  true  bal¬ 
anced  transmission  is  used,  with  the  output  token  from 
a  differential  amplifier,  Fig.  15.1(c). 

If  the  source  is  coupled  to  ground  through  an  im¬ 
pedance,  Fig.  15.1(d),  the  single  point  ground  con¬ 
cept  is  degraded,  regardless  of  the  type  of  transmis¬ 
sion,  since  this  does  allow  some  of  the  voltage  on  the 
source  or  the  ungrounded  end  of  the  shield  to  couple 
to  conductors  and  the  load.  An  impedance  often  un¬ 
recognized  is  that  provided  by  the  stray  capacitance 


to  ground  of  the  source.  With  rapidly  changing  elec¬ 
tromagnetic  fields  the  effects  of  such  capacitance  can 
be  of  more  importance  than  the  performance  of  the 
shield, 

Multiple  point  grounding:  In  an  aircraft  Subjected 
to  the  rapidly  changing  electromagnetic  fields'  associ¬ 
ated  with  lightning,  interference  frequencies  fan  ex¬ 
tend  higher  than  30  MHz  (L  -  10  m)  and  a  shield  1  m 
long  would  begin  to  be  “not  short".  Under  such  condi¬ 
tions,  shields  grounded  at  only  one  end  may  not  be  ef¬ 
fective,  and  in  some  cases  the  shields  may  act  as  ahten- 
nas  and  can  make  the  surge  voltages  even  larger  than 
they  would  be  if  the  conductors  were  not  shielded  in 
the  first  place.  In  such  cases  a  multiple-point  ground 
concept  is  more  appropriate.  That  concept  aims  to 
ensure  that  noise  currents  do  flow  on  shields,  an  aim 
directly  opposite  to  that  of  the  single-point  giound 
concept. 

^lustration  of  grounding  effects:  Some  of  these  con¬ 
nection  effects  have  been  illustrated  by  a  series  of  tests 
[15.1]  made  on  a  5  m  long  length  of  RG-58/U  coax¬ 
ial  cable.  The  cable  was  placed  adjacent  to  a  metal 
ground  plane  and  a  magnetic  field  passed  between  the 
cable  and  the  ground  plane  to  generate  “interference”. 
During  the  tests,  measurements  could  be  made  of  the 
common-mode  voltage  between  the  center  conductor 
and  ground  at  each  end  of  the  cable  or  of  the  current 
flowing  in  the  shield  of  the  cable.  The  magnetic  field 
was  not  a  distributed  field  but  was  confined  to  the  core 
of  a  pulse  injection  transformer  in  the  manner  shown 
in  Chapter  18.  The  “interference”  was  thus  magneti¬ 
cally  induced,  the  induced  voltages  being  proportional 
to  the  rate  of  change  of  magnetic  flux.  In  actual  prac¬ 
tice  interference  can  also  be  induced  by  electric  field 
coupling  and  with  high  frequencies  one  will  never  ex¬ 
ist  without  the  other.  In  the  illustrations  to  follow  the 
ultimate  conclusions  that  are  illustrated  would  apply 
equally  well  to  interference  induced  by  electric  fields. 

Unshialdad  conductor:  Figs.  15.2  and  15.3  show  con¬ 
ditions  on  an  unshielded  conductor,  or  one  in  which 
the  shield  is  not  used. 

Balanced  loads:  In  Fig.  15.2  the  conductor  has  equal 
(open)  load  impedances  at  the  two  ends.  The  changing 
magnetic  field  induces  a  total  voltage  of  64  volts.  How 
that  voltage  divides  depends  on  the  impedances  at  the 
end  of  the  conductor.  Since  the  impedances  are  equal, 
half  of  the  voltage  appears  at  each  end  of  the  conductor 
and  the  voltages  are  of  opposite  polarity,  as  would  be 
produced  if  the  conductor  were  considered  to  have  an 
equivalent  voltage  generator  at  its  center,  Fig.  15.2(d). 


Fig.  15.2  Shield  not  grounded  at  either  end 

(a)  Test  conditions 

(b)  VI 

(c)  V2 

(d)  Equivalent  circuit 


Unbalanced  loada:  Fig.  15.3  shows  conditions  if  the 
load  impedances  at  the  ends  are  unbalanced  by  the 
addition  of  a  50  ohm  resistor  at  one  end.  The  volt¬ 
age  at  the  loaded  end  is  reduced,  but  since  the  total 
voltage  induced  around  the  loop  remains  unchanged, 
the  voltage  is  just  shifted  to  the  end  with  the  highest 
impedance.  With  reference  to  the  equivalent  circuit  of 
Fig.  15.3(c),  the  fact  that  there  is  any  voltage  at  V2 
implies  the  existence  of  some  capacitive  loading  as  well 
as  the  desired  resistance  load;  otherwise  there  would 
be  no  voltage  across  V2. 

Shield  grounded  at  one  end:  Adding  a  shield,  but 
grounding  the  shield  at  only  one  end,  Figs.  15.4  and 
15.5,  lowers  the  voltage  at  the  end  where  the  shield 
is  grounded,  but  raises  it  at  the  other  end.  The  phe¬ 
nomenon  can  be  explained  by  the  equivalent  circuit  of 
Fig.  15.4(c).  The  changing  magnetic  field  induces  a 
voltage  between  the  ends  of  the  shield  and  since  one 
end  of  the  shield  is  grounded,  all  the  voltage  m’ist  ap¬ 
pear  between  the  open  end  of  the  shield  and  ground. 
The  conductor  is  exposed  to  the  same  field  and  the 
same  voltage  will  be  developed  between  the  ends  of 
the  conductor  as  between  the  ends  of  the  shield. 

How  this  voltage  divides  depends  on  both  the 
grounding  of  the  shield  and  the  load  impedances  on  the 
conductor.  With  unloaded  conductors,  Fig.  15.4,  the 
voltage  at  end  2  is  reduced  by  the  capacitance  between 
the  conductor  and  the  grounded  end  of  the  shield,  but 
the  excess  voltage  just  appears  at  the  other  end.  With 


a  loaded  conductor.  Fig.  15.5,  the  division  of  volt¬ 
age  is  primarily  governed  by  the  load  impedances  and 
connecting  the  shield  makes  practically  no  difference 
in  the  voltage. 


Fig,  15.3  Unequal  load  impedances. 

(a)  Test  conditions 

(b)  Voltages 

(c)  Equivalent  circuits 


Fig.  15.4  Shield  grounded  at  one  end 

(a)  Test  conditions 

(b)  Voltages 

(c)  Equivalent  circuit 
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Pig.  15.5  Shield  grounded  at  one  end. 

(a)  Test  conditions 

(b)  Voltages 

(c)  Equivalent  circuits 


(a)  Test  conditions 

(b)  Shield  current 

(c)  Equivalent  circuit 


Shield  grounded  at  both  endi:  Grounding  the  shield 
at  both  ends  and  allowing  it  to  carry  current,  as  shown 
in  Figs.  15.6  through  15.8,  produces  an  entirely  dif¬ 
ferent  response.  The  induced  voltages  are  not  only 
reduced  in  amplitude,  but  their  waveshape  is  changed. 
If  the  shield  is  grounded  at  both  ends,  the  voltage  in¬ 
duced  by  the  changing  magnetic  field  appears  across 
the  inductance  of  the  shield-ground  plane  loop.  The 
result  is  a  current  through  the  shield,  Fig.  15.6,  one 
having  a  shape  like  that  of  the  magnetic  field. 


(15.2) 

r- £/*’*“¥* 

(15.3) 

where 

E'  —  voltage  induced  between  ends  of  the  shield 
I  =  current  on  the  shield 
L  =  self-inductance  of  the  shield 

How  shield  current  reduces  voltage:  This  shield  cur¬ 
rent  reduces  the  voltage  induced  between  the  signal 
conductor  and  ground,  as  shown  in  Fig.  15.7.  The 
reduction  in  voltage  can  be  viewed  equally  well  from 
two  different  viewpoints, 


(b)  Conductor  voltages 

(c)  Equivalent  circuit 
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Cancellation  of  incident  field:  The  first  is  that  the 
shield  current  produces  a  magnetic  field  that  tends  to 
cancel  the  incident  field,  Fig.  15.7(a).  From  this  view¬ 
point  the  voltages  between  the  signal  conductor  and 
ground  depend  on  the  difference  between  the  incident 
land  the  cancelling  fields.  i 

Transformer  coupling:  /Alternatively,  the  reduction 
in  voltage  can  be  viewed  as  the  effect  of  the  mutual 
inductive  coupling  between  the  shield  and  the  signal 
conductor.  This  latter  approach  is  illustrated  by  the 
equivalent  circuit  of  Fig.  15.7(c),  The  shield  is  consid¬ 
ered  as  the  primary  of  a  transformer  and  the  conductor 
as  the  secondary.  Since  the  shield  is  grounded  at  both 
ends,  all  the  vpltage  developed  on  the  shield  appears 
across  the  primaries  of  the  transformers.  The  mutual 
cotipling  between  the  shield  and  the  signal  conductor 
is  very  nearly  unity  since  there  is  only  a  small  (ideally 
zero)  magnetic  field  internal  to  the  shield  and  So  the 
voltage  induced  in  the  secondary,  or  signal  conductor, 
side  of  the  equivalent  transformer  is  about  equal  to 
the  voltage  originally  induced  in  the  shield.  The  volt¬ 
age  appearing  between  the  ends  of  the  conductor  js  the 
sum  of  that  induced  in  the  conductor  and  that  coupled 
through' the  transformer1  from  the  shield.  Accordingly, 
the  voltages  appearing  at  the  ends  of  the  conductor 
are  lower  than  they  Would  be  if  the  shield  could  not 
carry  current.  V 

Transfer  impedance:  The  transformer  equivalent  cir¬ 
cuit  of  Fig.  15.7(c)  is  not  well  suited  to  numerical  cal¬ 
culation  since  it  requires  that  the  self  and  mutual  in¬ 
ductances  be  evaluated  with  high  precision.  The  trans¬ 
fer  impedance  of  Fig.  15.8  is  better  since  it  involves 
only  the  resistance  of  the  shield  and  calculation  of  the 
magnetic  flux  that  leaks  through  the  shield  and  so  does 
not  equally  link  both  conductors.  This  flux  can  be  re¬ 
duced  to  an  equivalent  transfer  inductance  Lu.  The 
voltage  induced  on  the  conductor  then  depends  ou  the 
shield  current,  R  and  Lu-  How  the  voltage  distributes 
depends  on  the  loads  at  the  end  of  the  cable.  In  Fig. 
15.8  most  of  the  voltage  develops  on  the  open  end. 

15.4  Multiple  Conductors  in  Cable  Shields 

If  there  are  multiple  conductors  in  the  cable,  each 
conductor  will  be  exposed  to  the  same  amount  of  flux 
and  will  have  induced  in  it  an  equal  voltage.  This 
holds  true  whether  the  conductor  is  located  adjacent 
to  the  shield  or  in  the  center  of  the  bundle  of  conduc¬ 
tors  comprising  the  core.  Stated  another  way,  position 
of  the  wire  within  the  shield  has  little  effect  on  the 
magnetically  induced  voltage.  Accordingly,  the  volt¬ 
age  between  any  pair  of  conductors  in  the  core  will  be 
small. 


Present  analytical  tools  do  not  seem  of  sufficient 
accuracy  to  predict  with  any  assurance  the  magnitude 
of  line-to-line  voltages;  they  are  best  determined  by 
actual  measurement.  Line-to-line  voltages  are  much 
more  strongly  influenced  by  load  impedances  to  which 
the  conductors  are  connected  than  by  the  position  of 
the  conductors  within  an  overall  shield.  ;1 


Fig.  15.8  Shield  grounded  at  both  ends 


(a)  Test  conditions 

(b)  Conductor  voltages 

(c)  Equivalent  circuit 


15.5  Multiple  Shields  on  Cables 


One  very  common  situation  involving  multiple 
conductors  is  a  configuration  in  which  a  shielded  con¬ 
ductor  is  itself  contained  in  an  overall  shield.  Fig.  15.9 
shows  such  a  condition  and  shows  some  of  the  factors 
that  must  be  considered  when  predicting  the  response 
of  this  two-cable  network.  They  are  the  noise  cur¬ 
rents  on  the  outer  shield,  the  internal  field  of  the  outer 
shield,  the  current  induced  on  the  inner  shield,  the  in¬ 
ternal  field  of  the  inner  shield  and  the  coupling  from 
the  inner  shield  to  the  signal  conductor.  The  inter¬ 
nal  field  of  the  outer  shield  is  the  product  of  the  noise 
current  and  the  transfer  impedance  of  the  outer  shield. 


inner  shield  grounded  at  only  ono  end:  If  the  inner 
shield  is  ungrounded  at  the  right-hand  end  (switch 
S  of  Fig.  15.9(b)  open),  the  internal  field  of  the 
outer  shield,  Ei.„,  produces  a  voltage  difference, 
at  the  right-  hand  end  of  the  cable.  Neglecting  the 
distributed  capacitance  between  the  inner  and  outer 
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shields,  the  noise  current  on  the  inner  shield,  will 
be  zero.  The  total  voltage  to  which  the  conductor  is 
exposed  is  also  Vi+ot.  Under  such  conditions  the  in¬ 
ner  shield  will  not  provide  much  reduction  of  the  noise 
voltage. 
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Fig.  15.9  Double  shielded  cable. 

(a)  Current  and  field  polarities 

(b)  Current  on  inner  shield  and  forced 
through  Lla. oa. 

Inner  shield  grounded  at  both  ends:  If  the  inner 
shield  is  connected  to  the  outer  shield  at  both  ends 
(switch  S  closed),  the  noise  current  will  be  shared  by 
the  inner  and  outer  shields,  but  the  conductor  will  re¬ 
spond  only  to  the  field  along  the  inner  surface  of  the 
inner  shield.  Initially  all  the  current  will  be  confined 
to  the  outer  shield  and  under  dc  conditions  the  cur¬ 
rents  will  be  divided  according  to  the  resistance  of  the 
shields,  but  in  between  there  will  be  a  transient  region 
where  the  division  of  current  will  be  determined  pri¬ 
marily  by  the  inductance  between  the  inner  and  outer 
shields. 

Treatment  as  component  currents:  One  way  to  visu¬ 
alize  the  phenomenon  is  to  consider  the  current  to  have 
two  components,  the  total  noise  current  impressed 
from  an  outside  source  and  a  component  circulating 
between  the  inner  and  outer  shields.  From  this  view¬ 
point  the  current  on  the  inner  shield  will  be  equal  to 
the  circulating  component  while  the  current  on  the 
outer  shield  will  be  the  sum  of  the  two  components. 
The  voltage  that  drives  the  current  on  the  inner  shield 
will  be  that  produced  by  the  flow  of  current  through 
the  transfer  impedance  of  the  outer  shield.  This  volt¬ 
age,  when  impressed  on  the  impedance  between  the 
inner  and  outer  shields  determines  the  current  on  the 
inner  shield.  For  well  shielded  cables  this  impedance  is 


predominantly  inductive.  The  waveshape  of  the  cur¬ 
rent  on  the  inner  shield,  I\„  is  then  proportional  to 
the  time  integral  of  the  voltage  developed  along  the 
inner  surface  of  the  outer  shield.  The  current  on  the 
inner  shield  thus  typically  has  a  slower  rise  time  and 
a  longer  duration  than  does  the  field  along  the  inner 
surface  of  the  outer  shield.  This  current,  /jt,  on  the  in¬ 
ternal  shield  then  produces  an  electric  field  along  the 
surface  of  the  inner  shield,  The  conductor  re¬ 

sponds  primarily  to  the  electric  field  along  the  inner 
shield. 

Example  of  multiple  thielding:  It  will  be  apparent 
that  there  are  a  number  of  combinations  of  shield  con¬ 
nections  and  termination  impedances  which  are  pos¬ 
sible,  all  of  them  affecting  the  overall  response  of  the 
cable  system.  Some  of  these  effects  have  been  demon¬ 
strated  during  an  extension  of  the  tests  described  in 
Figs.  15.2  through  15.7.  The  piece  of  RG-58/U  coax¬ 
ial  cable  used  for  those  tests  was  modified  by  pulling 
over  the  outer  jacket  another  length  of  flexible  cop¬ 
per  braid,  forming  a  triaxial  cable.  THaxial  cable  is  of 

course  commercially  available. 

The  test  connections  and  results  are  shown  on  Fig. 
15.10.  The  equivalent  circuit  has  three  separate  com¬ 
ponents;  separate  in  the  sense  that  each,  for  all  prac¬ 
tical  purposes,  may  be  treated  independently.  The 
first  part  of  the  circuit  determines  the  voltage  induced 
along  the  inner  surface  of  the  outer  shield.  This  is  gov¬ 
erned  by  the  outer  current  flowing  through  the  transfer 
impedance  (see  §15.4)  of  the  outer  shield,  R\  and  M\. 

In  the  second  stage  of  the  problem,  this  inner 
shield  voltage  is  impressed  across  the  inductance  ex¬ 
isting  between  the  inner  and  outer  shields  in  order  to 
determine  the  current  flowing  on  the  inner  shield. 

In  the  third  stage,  the  current  on  the  inner  shield 
is  passed  through  the  transfer  impedance  of  the  in¬ 
ner  shield,  R2  and  M2.  The  product  of  current  and 
transfer  impedance  gives  the  voltages  that  appear  be¬ 
tween  line  and  ground  on  the  central  signal  conductor. 
The  amplitudes  and  shapes  of  these  voltages,  shown 
in  Fig.  15.10(c),  are  much  less  than  those  developed 
on  the  singly  shielded  conductor,  Fig.  15.7. 

15.6  Transfer  Impedance  of  Cable  Shields 

The  equivalent  circuit  of  Fig.  15.7  is  one  which 
depicts,  through  the  use  of  transformers,  the  self  in¬ 
ductances  of  both  the  conductor  and  the  shield  and 
the  mutual  inductance  between  the  two.  Self  and  mu¬ 
tual  inductances  must  be  known  with  great  precision 
if  results  are  to  be  calculated  accurately,  a  require¬ 
ment  that  can  be  relaxed  is  the  circuit  is  split  into  two 
parts,  as  in  Fig.  15.8.  One  part  of  the  circuit  relates 
the  magnetic  field  to  the  current  flowing  on  the  shield 
and  another  relates  the  current  on  the  shield  to  the 
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voltage  developed  on  the  conductor  through  the  use  of 
a  transfer  impedance,  L\i  and  R,  the  values  of  which 
depend  upon  the  type  of  shield. 

Transfer  inductance  vs.  mutual  inductance:  The 

transfer  inductance  L\%  should  not  be  confused  with 
the  mutual  inductance  Mu  between  the  shield  and  the 
conductor.  For  the  two  conductor  system  that  was 
described  in  §9.7.3  and  Fig.  9.13,  mutual  inductance 
is  controlled  by  the  magnetic  flux  in  the  shaded  area 
between  rj  and  rj  while  transfer  inductance  would  be 
governed  by  the  magnetic  flux  between  rj  and  r2- 

Handbook  data  on  shielded  conductors  often  uses 
the  term  Mu  for  transfer  inductance,  but  the  usage  is 
unfortunate. 

If  the  resistance  of  the  shield  were  zero  and  if  the 
mutual  inductance  between  the  shield  and  the  signal 
conductor  were  equal  to  the  self-inductance,  that  is, 
unity  coupling,  the  flow  of  current  on  the  shield  of  the 
cable  would  not  cause  any  voltage  to  be  developed  be¬ 
tween  the  shield  and  the  signal  conductor.  This  section 
of  the  report  will  now  discuss  the  factors  that  prevent 
the  coupling  between  shield  and  signal  conductor  from 
being  perfect. 


Thin  tubular  Shialds:  Consider  first  a  tubular  shield 
with  no  openings,  Fig.  13.il.  An  external  noise  cur¬ 
rent  flowing  through  the  resistance  of  the  shield  pro¬ 
duces  an  electric  field  on  the  internal  surface  of  the 
shield.  The  internal  and  external  electric  fields  will  be 
equal  and  since  there  are  no  openings  through  which 
a  magnetic  field  can  leak  the  transfer  inductance  term 
L 12  of  Eq.  15.4  will  be  zero. 


(*) 

Fig.  15.10  Multiple-shielded  cable. 

(a)  Test  conditions 

(b)  Conductor  voltages 

(c)  Equivalent  circuits 


Fig.  15.11  Coupling  resulting  from  resistance  effects 

(a)  Current  and  field  polarities 

(b)  Current  and  field  waveshapes 


The  transfer  impedance  of  a  tubular  shield  was 
previously  discussed  in  §9.9.1  and  Eqs.  9.113  -  9.118. 
For  thin  tubes  and  low  frequencies  the  transfer  imped¬ 
ance  is  just  the  dc  resistance  of  the  shield; 


where 


R0 


1 

2nraa ’ 


(15.4) 


r  =  radius  of  the  shield 
a  =  wall  thickness 
a  =  conductivity  of  the  shield 

The  waveshape  of  the  internal  electric  field  will  be  the 
same  as  that  of  the  external  noise  current. 

Eq.  15.3  would  hold  at  any  frequency  for  which 
the  skin  depth  6  is  large  compared  to  the  thickness  of 
the  shield.  Skin  depth  was  discussed  in  §9.4.5  and  a 
numerically  convenient  expression  shown  to  be 


meters.  (15.5) 


-H 


403 


In  the  time  domain  the  shield  may  also  be  consid¬ 
ered  “thin”  if  the  pulse  penetration  time,  §11.3.4,  Eq. 
11.23,  is  small  compared  to  the  rise  time  and  duration 
of  the  interfering  noise  currents. 

Thick  tubular  shields:  If  the  shield  is  not  thin,  Fig. 
15.12,  the  internal  electric  field  depends  upon  the 
product  of  the  resistivity  of  the  shield  material  and 
the  density  of  the  current  on  the  internal  surface  of 
the  shield.  As  discussed  in  §11.3.3,  this  internal  cur¬ 
rent  density,  J,,  will  not,  in  general,  be  the  same  as 
the  density  of  the  current  on  the  external  surface  of  the 
cylinder.  Because  of  the  phenomenon  of  skin  effect,  the 
current  density  on  the  inner  surface  of  the  shield  will 
rise  more  slowly  than  does  the  external  noise  current. 
The  rate  at  which  thd  current  density  on  the  inner 
surface  increases  will  be  directly  proportional  to  the 
permeability  of  the  shield  material  and  to  the  square 
of  the  wall  thickness  and  inversely  proportional  to  the 
resistivity  of  the  wall  material.  Cables  with  solid-wall 
shields  and  cable  trays  of  solid  metal  with  tightly  fit¬ 
ting  covers  will  typically  exhibit  this  type  of  behavior. 


Fig.  15.12  Coupling  via  diffusion  through  a  solid  wall. 

(a)  current  and  field  polarities 

(b)  Current  and  field  waveshapes 

The  maximum  transfer  impedance  is  found  at  dc 
and  decreases  with  frequency.  For  all  practical  pur¬ 
poses,  the  transfer  impedance  can  be  taken  as  that  of 
Eqs.  9.116  and  9.117,  or  as  expressed  in  [15.7j, 


»  i  ..  (j ±JM 

2n  rat  sinh(  1  +  j)t/6' 


(15.6) 


The  above  expressions  assume  that  the  wall  thick¬ 
ness  is  small  compared  to  the  radius  of  the  tube  and 


that  the  radius  is  small  compared  to  the  smallest  wave¬ 
length  of  interest.  It  is  also  assumed  that  the  shield  is 
made  from  a  good  conductor  so  that  the  displacement 
current  in  the  shield  material  is  negligible  compared 
to  the  conduction  current.  Such  is  the  case  for  any 
practical  metal  shield. 

The  time  domain  response  was  previously  given 
in  §11.3.4  and  §11.3.5.  In  response  to  a  step-function 
current  the  internal  electric  field  will  increase  accord¬ 
ing  to  the  pulse  penetration  time  constant  predicted 
by  Eq.11.23  and  shown  in  Fig.  11.8.  An  equivalent 
circuit  applicable  to  both  frequency  and  time  domains 
is  a  ladder  network  of  two  or  more  terms,  as  shown  in 
Figs.  11.8  and  11.11. 

Braided  Shields:  Braided  shields,  Fig.  15.13,  do  not 
provide  a  perfect  conducting  cylinder  since  they  have  a 
number  of  small  holes,  Fig.  15.14,  which  permit  leak¬ 
age  of  electric  and  magnetic  fields.  The  weaving  of  the 
braided-wire  shield  is  described  in  terms  of  the  number 
of  bands  of  wires  (carriers)  that  make  up  the  shield,  the 
number  of  wires  in  each  carrier  (ends)  and  the  number 
of  carrier  crossings  per  unit  length  (picks).  These  char¬ 
acteristics,  along  with  the  radius  of  the  shield,  define 
the  volume  of  metal  in  the  shield,  the  optical  cover¬ 
age  and  the  weave  angle.  A  large  volume  of  metal 
implies  low  resistance  and  good  shielding,  but  also  a 
large  weight,  which  is  a  drawback  for  aircraft. 


Optical  coverage  and  weave  angle:  The  optical  cov¬ 
erage  of  a  shield  is  a  measure  of  the  number  of  holes  in 
the  shield,  the  higher  the  optical  coverage  the  smaller 
the  area  of  the  holes  and  the  better  the  shielding.  The 
holes  between  the  individual  bundles  of  wire  forming 
the  shield  can  be  approximated  as  a  group  of  dia¬ 
monds,  the  size  and  orientation  of  which  depend  upon 
the  weave  angle.  If  the  weave  angle  is  small  the  long 
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axis  of  the  triangles  is  oriented  along  the  shield,  as  at 
end  A  of  the  cable  shown  in  Fig.  15.14(a)  and  if  the 
weave  angle  is  great  the  long  axis  of  the  hole  is  oriented 
circumferentially  to  the  cable,  as  at  end  B  of  the  cable. 
Other  things  being  equal,  a  shield  with  a  small  weave 
angle  provides  better  shielding  performance  than  one 
with  a  large  weave  angle. 


Fig.  15.14  Coupling  via  magnetic  leakage  through  holes. 

(a)  Current  and  field  polarities 

(b)  Field  leakage  through  holes:  end  view 

(c)  Current  and  field  waveshapes 


Mechanism  of  magnetic  field  leakage:  The  exter¬ 
nal  noise  current  produces  a  circumferential  magnetic 
field  around  the  outside  of  the  shield  and,  as  a  first 
approximation,  one  may  visualize  the  external  mag¬ 
netic  field  lines  looping  in  and  out  of  the  holes  in  the 
braided  shield.  There  will  be  more  leakage  in  holes 
with  their  long  axes  oriented  circumferentially  to  the 
end  of  the  shield  (end  B  of  the  cable,  large  weave  an¬ 
gle)  than  there  will  be  if  the  long  axes  of  the  holes  are 
oriented  along  the  shield,  (end  A  of  the  cable,  small 
weave  angle).  Viewed  from  the  end  of  the  cable,  as  in 
Fig.  15.14(b),  the  field  that  leaks  into  the  cables  pro¬ 
duces  a  net  magnetic  field  circumferentially  around  the 
inside  surface  of  the  shield. 

This  magnetic  field  produces  an  internal  electric 
field  of  an  amplitude  dependent  upon  the  degree  of 
leakage  into  the  shield  and  upon  the  rate  of  change 
of  the  external  noise  current.  The  total  internal  elec¬ 
tric  field  is  proportional  to  the  resistance  of  the  cable 
shield,  to  the  rate  of  change  of  external  noise  current, 
and  to  the  number  of  holes  in  the  cable. 


Impedance  vs  frequency:  Some  examples,  from  [15.3 
-  15.6],  of  the  variation  of  transfer  impedance  with 
frequency  for  various  degrees  of  shielding  are  shown  in 
Fig.  15.15. 


Fig.  15.15  Transfer  impedance  of  a  braided-wire 
shield  [15.3]. 
k  as  Percent  coverage 
C  =  Number  of  carriers 

Equivalent  circuit:  An  equivalent  circuit  is  shown  on 
Fig.  15.16.  The  resistance  can  frequently  be  taken 
as  the  dc  resistance  of  the  shield,  though  with  some 
shields  the  effective  resistance  will  be  less  because  of 
skin  effects.  The  transfer  inductance  L\i  will  be  on 
the  order  of  0.5  nH/m  for  small  diameter  cables  with  a 
small  weave  angle  and  several  nH/m  for  large  diameter 
cables  with  a  large  weave  angle. 


Fig.  15.16  Equivalent  circuits. 

(a)  Transfer  impedance 

(b)  Transfer  impedance  simplified 
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Calculation  of  shiald  performance:  Vance  [15.6]  gives 
equations  relating  resistance  and  transfer  inductance 
to  the  construction  of  the  shield.  Fig.  15.17  shows  one 
example  of  how  transfer  inductance  depends  on  weave 
angle.  In  the  frequency  domain  the  transfer  imped¬ 
ance  is  generally  dominated  by  the  resistance  below 
about  1  MHz  and  by  the  transfer  inductance  at  higher 
frequencies.  The  reference  to  mutual  capacitance  will 
be  discussed  shortly  under  electric  field  shielding. 


Fig.  15.17  Mutual  inductance  and  mutual  capacitance 
vs  weave  angle  [15.3], 


Flexibility  vs.  wsavs  angls:  Shielding  effectiveness 
can  be  improved  by  making  the  shield  more  dense, 
but  that  reduces  the  flexibility  of  the  shield.  Small 
diameter  shields  can  be  made  with  a  small  weave  angle, 
but  on  large  diameter  cables  the  weave  angle  must  be 
large  to  maintain  flexibility. 


called  porpoising.  It  occurs  because  braid  wires  loop 
back  and  forth  between  the  inner  and  outer  surfaces 
of  the  shield,  carrying  current  to  the  inner  surface  by 
conduction  rather  than  by  diffusion.  As  shown  in  Fig. 
15.19(c),  wires  carring  axial  current  on  the  inside  sur¬ 
face  of  the  shield  produce  a  magnetic  field  oriented 
oppositely  to  that  which  leaks  in  through  holes.  Mea¬ 
surements  in  the  frequency  domain  would  not  show 
the  effect  unless  they  also  included  a  measurement  of 
phase  as  well  as  of  magnitude.  As  a  practical  matter, 
porpoising  is  a  phenomenon  likely  to  be  found  only  on 
poorly  shielded  cables. 


jacket 


,braid 


layer  1 
braid 


layer  2 
^insulation 


conductor 


Fig.  15.18  Doubly  shielded  cable. 


Overlapping  layers  of  braid:  An  alternative  construc¬ 
tion  involves  two  overlapping  layers  of  braid,  Fig. 
15.18.  Using  two  similar  layers  of  braid  will  reduce  the 
resistance  by  a  factor  of  two  (and  double  the  weight 
of  the  shield),  but  can  reduce  the  transfer  inductance 
by  a  much  greater  factor,  frequently  to  levels  below 
0.1  nH/m.  Resistance  can  be  calculated,  but  transfer 
inductance  is  best  measured. 

Porpolsiflg:  Sometimes  cables  exhibit  a  phenomenon, 
shown  in  Figs.  15.19(a)  and  (b),  in  which  a  change  in 
external  noise  current  induces  an  internal  electric  field 
of  the  opposite  polarity.  This  is  due  to  a  phenomenon 


Fig.  15.19  Magnetic  coupliug  giving  effect  of 
a  negative  coupling  inductance. 

(a)  Current  and  field  polarities 

(b)  Direction  of  field 

(c)  Current  and  field  waveshpaes 

Electric  field  leakage:  Another  source  of  coupling  is 
via  capacitive  leakage  through  the  holes  in  the  shield, 
as  shown  in  Fig.  15.20.  If  the  shielded  cable  is  sub¬ 
jected  to  an  extemai  and  changing  electric  field,  dielec¬ 
tric  flux  will  pass  through  the  holes  in  the  cable  from 
the  external  source  and  onto  the  signal  conductor. 
The  flow  of  these  dielectric,  or  displacement,  currents 
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through  the  external  load  impedances  produces  a  volt¬ 
age  between  the  signal  conductor  and  the  shield.  An 
alternate  source  of  coupling,  shown  in  Fig.  15.20(b), 
involves  the  voltage  on  the  shield  itself.  Noise  currents 
flowing  through  the  external  impedance  of  the  shield 
may,  if  the  shield  is  not  perfectly  grounded,  produce 
a  voltage  between  the  shield  and  any  external  ground 
structure. 


Fig.  15.20  Coupling  via  capacitive  leakage 
through  holes. 

(a)  From  an  external  source 

(b)  From  voltage  on  the  shield 

Leakage  due  to  ahiald  voltage:  External  impedances 
between  the  signal  conductor  and  the  shield,  as  well 
as  the  inherent  capacitance  between  the  shield  and 
the  signal  conductor,  force  the  signal  conductor  to  as¬ 
sume  nearly  the  same  potential  as  the  shield.  Because 
the  signal  conductor  is  then  at  a  potential  different 
from  the  surrounding  ground,  dielectric  flux  can  pass 
from  the  signal  conductor  through  the  holes  in  the 
shield  and  to  ground,  the  dielectric  currents  again  giv¬ 
ing  rise  to  a  voltage  between  the  signal  conductor  and 
the  shield. 

Equivalent  circuit  for  capacitive  leakage:  An  equiva¬ 
lent  circuit  for  capacitive  leakage,  Fig,  15.21,  is  simply 
a  transfer  capacitance,  Cu,  (or  transfer  admittance, 
j'wCia,  in  the  frequency  domain).  It  depends  on  the 
total  area  of  the  holes  in  the  shield  and  on  the  capaci¬ 
tances  between  the  shield  and  the  conductor,  Cu,  and 
the  shield  and  the  ground  return  path,  C>.  The  trans¬ 
fer  capacitance  is  not  very  sensitive  to  weave  angle,  as 
was  shown  in  Fig.  15.17. 
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Fig.  15.21  Equivalent  circuit  for  capacitive  leakage. 


Determination  of  leakage  capacitance:  Vance  [15.6] 
also  gives  expressions  relating  transfer  capacitance  to 
shield  construction.  Some  cables  use  a  layer  of  metal 
foil,  or  a  layer  of  metallized  Mylar  under  the  braid  to 
improve  the  optical  coverage  and  to  reduce  the  transfer 
admittance.  The  transfer  properties  of  such  shields  are 
best  determined  by  measurement. 

Relative  order  of  importance:  In  most  cases  the  ef¬ 
fects  of  magnetic  leakage  are  probably  more  important 
than  the  effects  of  capacitive  leakage. 

Tape  wound  shields:  Tape-wound  shields,  as  shown 
in  Fig.  15.22,  are  often  used  where  flexibility  of  the 
shielded  cable  is  required.  The  shield  may  be  formed 
either  from  a  narrow  metal  sheet  spiraled  around  the 
core  or  from  a  carrier  of  fine  wires,  again  spiraled 
around  a  core.  Flexible  armor  and  flexible  conduit, 
which  is  normally  used  primarily  for  mechanical  pro¬ 
tection,  may  also  be  analyzed  as  tape-wound  shields. 
The  tape-wound,  or  spiral-wound,  shield  is  a  rather 
poor  shield  for  preventing  coupling  of  current  from  the 
shield  onto  the  internal  conductor  because  the  shield 
tends  to  behave  as  a  solenoid  wound  about  the  internal 
conductors.  There  is  thus  a  rather  large  transfer  cou¬ 
pling  term  relating  the  internal  voltage  to  the  shield 
current.  This  is  particularly  true  if  the  tape  is  wound 
without  any  overlap  because  in  this  case  the  entire  ca¬ 
ble  current  is  forced  to  spiral  around  the  core. 


Fig.  15.22  Tape-wound  shield. 


Vance  [15.6]  analyses  a  1  cm  radius  cable  wound 
with  0.25  mm  thick,  1  cm  wide  copper  tape,  the  tape 
applied  without  an  overlap.  The  dimensions  of  the  ca¬ 
ble  are  thus  similar  to  those  of  the  braided-wire  shield 
used  for  the  calculations  of  Fig.  15.17.  The  transfer 
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inductance  of  the  tape-wound  shield  was  calculated 
as  3.9  /iH/m,  of  the  order  104  greater  than  the  mutunl 
inductance  obtained  for  a  braided-wire  shield. 

Cable  trays:  Cable  trays  are  most  often  used  for  me¬ 
chanical  protection  of  wires,  but  if  viewed  as  shields, 
they  may  also  provide  electrical  protection.  The  char¬ 
acteristics  of  a  cable  tray  that  make  for  good  electrical 
protection  are  the  same  as  those  of  any  other  shield: 

1.  It  must  be  able  to  carry  current  along  its  axis. 

2.  It  should  be  of  low-resistance  material. 

3.  It  should  completely  surround  the  conductors, 
implying  that  the  tray  should  be  fitted  with  a 
conducting  cover,  nraking  good  electrical  contact 
along  its  entire  length. 

4.  It  should  have  a  minimum  number  of  openings 
through  which  magnetic  fields  may  leak. 

5.  It  should  have  as  few  joints  as  possible,  and  such 
joints  should  be  made  in  such  a  manner  as  to  pro¬ 
vide  minimum  resistance  and  leakage  of  magnetic 
fields. 

The  transfer  characteristics  of  the  tray  by  itself 
would  be  about  the  same  as  those  of  the  solid  tubular 
shields  discussed  previously.  This  comparison  assumes 
the  tray  to  be  of  solid  metal  and  fitted  with  a  well 
sealed  cover.  Since  covers  never  form  perfect  seals, 
the  pulse  penetration  time  constant  would  probably 
not  be  as  long  as  predicted  by  Eq.  11.24.  Even  with 
an  imperfect  cover,  the  transfer  impedance  Zt  would 
not  be  greater  than  the  dc  resistance. 

TVays  are  most  commonly  built  in  short  sections 
and  joined  by  splices  or  transition  sections.  Such  sec¬ 
tions  frequently  provide  for  thermal  expansion  and 
contraction  and  are,  at  any  rate,  seldom  designed  ei¬ 
ther  to  provide  good  electrical  continuity  or  to  pro¬ 
tect  against  magnetic  leakage.  When  joints  are  con¬ 
sidered.  the  transfer  characteristic  of  the  tray  is  fro 
quently  found  to  depend  almost  entirely  on  the  treat¬ 
ment  of  the  joints.  Leakage  at  joints  can  be  reduced  by 
covering  them  with  flexible  tape  or  metal  braid.  The 
transfer  characteristics  can  seldom  be  determined  by 
calculation;  they  must  be  determined  experimentally. 

Conduits:  Conduits  in  aircraft  work  are  most  com¬ 
monly  used  only  for  mechanical  protection  of  wires 
and  should  not  be  relied  upon  for  electromagnetic  field 
shielding  unless  it  has  been  verified  that  the  conduit 
is  electrically  continuous  and  grounded  at  each  end. 
More  commonly,  conduits  are  mounted  in  rubber  in¬ 
sulated  mounting  brackets  and  so  are  not  grounded. 


15.7  Transfer  Characteristics  of  Actual 
Cables 

The  transfer  impedance  of  a  shielded  cable  is  not 
a  factor  commonly  specified  either  by  the  manufac¬ 
turer  or  by  procurement  specifications.  Even  among 
cables  of  the  same  nominal  type,  this  transfer  imped¬ 
ance  may  vary  considerably  between  the  cables  sup¬ 
plied  by  different  manufacturers.  The  most  straight¬ 
forward  method  of  determining  the  transfer  character¬ 
istic  of  a  shielded  cable,  particularly  if  the  cable  in¬ 
volves  multiple  shields  and  multiple  load  impedances 
on  conductors  within  the  shield,  is  to  make  actual  mea¬ 
surements  of  the  conductor  voltages  that  are  produced 
by  currents  which  are  circulated  through  the  shield. 
The  techniques  by  which  transient  currents  may  be 
injected  into  the  shields  of  cables  through  coupling 
transformers  are  described  in  Chapter  18. 

If  actual  measurements  of  coupling  effects  are  not 
available,  the  transfer  characteristics  of  many  cables 
can  be  estimated  from  other  published  literature.  One 
such  summary  giving  the  parameters  of  coaxial  cable 
shields  is  shown  in  Table  15.1  [15.9]. 

15.8  Connectors 

Transfer  impedance:  The  transfer  impedance  of  a  ca¬ 
ble  connector  or  splice  can  be  represented  by 

Zt  -  Ro  +  juL\i  (15-7) 

where  R0  is  the  resistance  measured  across  the  con¬ 
nector  and  L12  is  a  transfer  inductance  between  the 
external  shield  circuit  and  the  internal  conductors  of 
the  cable.  The  value  of  Zt  is  usually  not  calculable, 
but  it  can  be  measured  by  passing  current  through  a 
cable  sample  containing  the  connector  and  measuring 
the  open  circuit  voltage  induced  on  conductors  inside 
the  shield.  Some  typical  values  of  R*  and  Ln  have 
been  measured  on  cable  connectors  and  are  listed  in 
Table  15.2. 

The  transfer  impedance  of  a  connector  is  a  lumped 
element  in  the  cable  circuit,  in  contrast  to  the  dis¬ 
tributed  nature  of  the  transfer  impedance  of  the  cable 
shield.  The  effect  of  leakage  through  the  connector  can 
thus  be  represented  by  a  discrete  voltage  source 

V  m  IZT  (15.8) 

where  I  is  the  shield  current. 

Transfer  admittance:  Because  most  connectors  that 
would  be  used  for  shielded  cables  have  essentially  100% 
optical  coverage,  their  transfer  admittance  is  usu¬ 
ally  negligible.  In  addition,  moat  bulkhead  or  panel¬ 
mounting  connectors  are  located  at  points  where  the 
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shield  voltage  is  a  minimum,  so  that  excitation  of 
the  internal  conductors  by  the  transfer  admittance 
is  small,  even  if  the  transfer  admittance  itself  is  not 
small. 

15.9  Ground  Connections  for  Shields 

The  transfer  parameters  of  Table  15.2  refer  only 
to  the  properties  of  the  connector  itself.  Additional 
transfer  impedances  may  be  produced  by  the  manner 
in  which  the  cable  shield  is  connected  to  the  connec¬ 
tor  or  by  the  manner  in  which  the  cable  connector  is 
mounted  to  a  bulkhead.  Even  slight  inattention  to 
detail  may  introduce  into  the  circuit  transfer  imped¬ 
ances  far  greater  than  the  impedance  of  the  connector 
or  possibly  far  greater  than  that  of  the  rest  of  the  cable 
shield. 

Pigtail  grounding:  A  common  treatment  of  a  shield 
at  a  connector  is  to  insulate  the  shield  with  tape  and 
connect  it  to  the  back  shell  through  a  pigtail.  Such 
treatment  is  shown  in  Fig.  15.23(a).  Equally  common 
practice  is  to  insulate  a  panel  connector  from  a  panel 
with  an  insulating  block  and  to  ground  the  panel  con¬ 
nector  either  to  the  panel  through  a  pigtail  or,  more 
commonly,  to  an  internal  ground  bus.  A  very  com¬ 
mon  treatment  of  a  shield  at  a  connector,  shown  in 
Fig.  15.23(c),  is  for  the  shield  to  be  connected  to  one 
of  the  connector  pins  and  grounded  internally  through 
a  pigtail,  either  to  the  panel  or  to  an  internal  ground 
bus. 


Grounding  to  remote  point:  Sometimes  shields  are 
not  connected  at  all  to  the  panel  on  which  the  con¬ 
nector  is  mounted,  but  instead  are  connected  to  some 
remote  “system  ground”  point,  Fig.  15.23(c).  Such 
practice  should  always  be  avoided  because  it  intro¬ 
duces  enough  impedance  to  completely  destroy  the  ef¬ 
fectiveness  of  the  shield.  Such  a  practice  reflects  a 
misunderstanding  of  the  role  of  “ground”  connections. 


Calculation  of  cfTacta:  The  coupling  introduced  by 
any  of  these  configurations  can  be  studied  in  terms  of 
the  self-impedance  of  the  conductor  used  for  the  pig¬ 
tail  and  the  mutual  inductance  between  a  portion  of 
the  pigtail  and  the  conductors  in  the  connector.  The 
flow  of  current  through  the  self-inductance  of  the  pig¬ 
tail  produces  a  voltage 

V=juL  (15.9) 


This  voltage,  less  that  induced  in  the  mutual  in¬ 
ductance  between  the  pigtail  and  the  conductors  in  the 
connector,  will  add  directly  to  that  produced  by  the 
flow  of  current  along  the  shield. 

The  self-inductance  of  conductors  was  discussed 
in  §9.7.3.  There,  Eqs.  9.57  and  9.75,  the  inductance 
of  a  straight  conductor  of  non-magnetic  material  was 
shown  to  be 


L 


-  2  x  HT7/ 


(15.10) 


where  /  =  length  and  r  *  radius  of  the  wire.  The 
inductance  of  a  typical  pigtail  will  not  be  significantly 
different  even  if  it  is  not  straight. 


Fig.  15.23  Common  treatment  of  shields  at  connectors. 

(a)  Pigtail  connection  to  a  back  shell  (c)  Shield  carried  on  a  connector  pin 

(b)  Pigtail  grounding  to  a  panel  connector  (d)  Shield  grounded  to  remote  point 
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The  mutual  inductance  between  the  two  conduc¬ 
tors  is 

M  =  2IQ  nH/cm  (15.11) 

where  the  factor  Q,  shown  in  Fig.  15.24,  is  a  func¬ 
tion  of  the  ratio  of  the  length  l  of  conductors  to  their 
spacing  d.  If  d  <  l,  then 

M  =  2f  [Inf-l  +  j-  J  +  —"I  (15.12) 

Mutual  inductance  so  defined  should  not  be  con¬ 
fused  with  the  transfer  inductance  referred  to  in  $15.6. 
Transfer  inductance  is  Lt  —  LMu  —  M  and  is  a  quan¬ 
tity  that  one  would  normally  want  to  be  small.  Thus 
one  would  normally  want  the  mutual  inductance,  Eq. 
15.212,  between  two  conductors  to  be  large. 


injected  into  a  signal  circuit  by  the  current  flowing 
through  this  one  relatively  short  pigtail,  then,  would 
be  as  much  as  that  coupled  onto  the  signal  conductor 
by  10  to  40  m  of  cable  shield  braid. 

Measured  example:  This  point  may  be  illustrated 
by  Fig.  15.25,  an  extension  of  the  test  series  previ¬ 
ously  discussed  in  reference  to  Figs.  15.2  through  15.8. 
One  end  of  the  cable  was  grounded  through  a  33-inch 
length  of  wire,  while  the  other  end  was  connected  to 
the  ground  plane  directly.  Voltage  VI  was  increased 
from  0.4  V  (Fig.  15.7)  to  15  5  V  solely  because  of  the 
inductive  rise  in  the  ground  lead. 


Fig.  15.25  Effects  of  inductance  in  a  ground  lead. 

(a)  Circuit 

(b)  Voltage 


Fig.  15.24  Mutual  inductance. 

Numerical  example:  A  numerical  example  will  illus 
trate  the  problems  associated  with  pigtail  grounds. 
Assume  a  shield  is  carried,  as  in  Fig.  15.23(c),  through 
a  panel  on  a  pigtail  and  a  set  of  connector  pins.  As¬ 
sume  the  total  length  of  the  pigtail-pin  combination 
to  be  7  cm,  the  spacing  between  the  pigtail  and  a  sig¬ 
nal  conductor  to  be,  on  the  average,  0.05  cm,  and  the 
pigtail  to  be  made  from  number  22  AWG  wire  hav¬ 
ing  a  radius  of  0.0323  cm.  The  self-inductance  of  the 
pigtail  would  then  be  74.5  nH,  the  mutual  inductance 
between  the  two  would  be  65.0  nH,  and  the  difference, 
the  factor  equivalent  to  the  transfer  inductance  for  the 
shielded  cable,  would  be  9.5  nH. 

A  rather  mediocre  shielded  braid  would  have  an 
inductance  on  the  order  of  1  nH/m,  and  a  large  di¬ 
ameter,  tightly  woven  braid  might  have  an  inductance 
on  the  order  of  0.25  nH/m.  The  amount  of  voltage 


Drawbacks  to  pigtail  grounding:  There  are  two  fun¬ 
damental  drawbacks  to  pigtail  grounding.  The  first, 
shown  in  Fig.  15.33(a),  is  that  the  shield  current,  be¬ 
ing  constricted  to  a  path  of  small  diameter,  sets  up  a 
more  intense  magnetic  field  at  the  surface  of  the  con¬ 
ductor  than  it  would  if  the  conductor  were  larger.  A 
more  int  ense  magnetic  field  of  itself  would  not  really  be 
harmful  if  all  the  flux  ao  set  up  would  link  the  signal 
conductors  as  well,  because  then  the  mutual  induc¬ 
tance  would  also  be  high,  and  the  difference,  L  -  M. 
would  be  low.  If  the  shield  current  is  confined  to  a 
small  diameter  path,  the  field  intensity  rapidly  falls 
off  with  distance  away  from  the  conductor,  and  hence 
the  mutual  inductance  will  always  be  smaller  than  the 
self-inductance. 

Peripheral  grounding;  The  best  type  of  connector  (aa 
regards  transfer  impedance)  is  one  in  which  the  shield 
currents  are  carried  concentrically  to  the  conductors 
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in  the  shield,  Fig.  15.26(b).  This  can  be  done  with 
grounding  fingers  of  the  type  commonly  used  for  single 
conductor  coaxial  connectors  such  as  the  type  N  series. 
Such  connectors  introduce  much  less  voltage  into  the 
conductors  for  the  following  reasons: 

1.  The  length  of  the  path  through  which  the  shield 
current  must  flow  is  shorter. 

2.  The  field  intensity  external  to  the  shield  is  reduced 
by  virtue  of  the  inherently  larger  diameter  of  the 
path  upon  which  the  current  flows. 

3.  The  field  intensity  inside  the  shield  is  low,  nearly 
zero. 

The  shorter,  and  larger  diameter,  current  path 
implies  less  self-inductance.  The  absence  of  magnetic 
flux  within  the  shield  implies  that  the  signal  conduc¬ 
tors  are  exposed  to  as  much  flux  as  is  the  shield:  the 
transfer  inductance  is  nil. 


Fig.  15.26  Grounding  of  shields. 

(a)  Pigtails 

(b)  360°  peripheral 


15.10  Shielding  of  Enclosures 

Shielding  performance  of  enclosures  is  usually  dis¬ 
cussed  in  terms  of  the  the  frequency  domain,  with 
shielding  effectiveness  related  to  materials,  thicknesses, 


gaskets  and  openings.  Discussions  of  these  effects  are 
given  in  many  sources  and  will  not  be  repeated  here. 
What  will  be  discussed  (in  qualititive  terms  only,  not 
quantitative)  is  the  response  to  time  domain  magnetic 
fields.  Some  of  the  material  duplicates  some  of  the 
more  rigorous  discussions  of  Chapters  11  and  12,  but 
is  repeated  here  for  completeness. 

Origin  of  magnetic  shielding  by  non-magnatic  ma¬ 
terials:  A  magnetic  field  line  that  attempts  to  pene¬ 
trate  a  conducting  sheet,  Fig.  15.27(a),  induces  cir¬ 
culating  currents  that  induce  an  opposing  magnetic 
field.  The  result  is  that  a.  transient  magnetic  field  ini¬ 
tially  goes  around  the  sheet,  Fig.  15.27(b),  and  only 
as  time  progresses  will  a  portion  of  the  field  penetrate 
the  sheet.  This  effect  takes  place  even  if  the  sheet  is  a 
non-magnetic  material  such  as  aluminum. 


Fig.  15.27  Magnetic  field  intersecting  a 
conducting  sheet. 

(a)  Penetrating  flux 

(b)  Tangential  flux 


Response  of  on  enclosure:  If  a  metal  box  is  exposed 
to  the  field,  Fig.  15.28,  current  that  flows  around  the 
box  is  induced.  In  cross-section  the  field  patterns  will 
be  as  shown  in  Fig.  15.29.  As  time  progresses,  the 
field  will  penetrate  the  box,  starting  at  the  corners 
and  eventually  passing  directly  through. 

Internal  currant:  In  response  to  a  step  function  mag¬ 
netic  field  the  induced  current  density  on  the  inside 
surface  of  the  box  will  have  the  diffusion  waveshape 
discussed  in  §11.3.5  and  illustrated  in  Fig.  15.30(d). 
The  current  density,  multiplied  by  the  resistivity  of  the 
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metal,  gives  the  internal  voltage  rise.  The  sum  of  all 
the  internal  voltages,  Fig.  15.31(a),  impressed  across 
the  internal  inductance  of  the  box,  Fig.  15.31(b), 
drives  an  internal  circulating  current,  which  in  turn 
produces  the  net  internal  magnetic  field. 

Injected  current:  Exposure  to  a  magnetic  field  is  not 
the  only  way  to  develop  a  current  on  the  surface  of 
the  box.  More  commonly,  the  current  will  have  been 
induced  on  a  cable  shield  and  carried  to  a  termination 
point  on  the  box,  from  which  it  distributes  over  the 
box,  as  illustrated  in  Fig.  15.32. 

Factors  that  degrade  shielding:  One  factor  that  de¬ 
grades  the  shielding  of  the  box  is  illustrated  in  Fig. 

15.33.  Covers  will  always  present  a  higher  impedance 
path  than  will  undisturbed  metal.  Circulating  cur¬ 
rent,  flowing  through  the  cover  and  joint  resistance, 
produces  a  resistive  voltage  that  is  not  retarded  by 
diffusion  effects. 

Another  factor  is  apertures,  illustrated  in  Fig. 

15.34.  External  magnetic  fields  loop  in  and  out  of 
the  apertures,  producing  a  net  internal  magnetic  field. 
Apertures  with  their  long  direction  oriented  in  line 
with  the  magnetic  field  result  in  more  net  internal  flux 
than  do  apertures  oriented  crosswise  to  the  field. 


Fig.  15.28  Circulating  current  induced  by 
a  changing  magnetic  field. 


(d) 


Fig.  15.29  Paths  of  the  magnetic  field. 

(a)  Initial  conditions 

(b)  Later  time 

(c)  Still  later  time 

(d)  Final  conditions 
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Table  15.1  Coaxial-cable  Shield  Parameters  {15.9].  (partial), 
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Table  15.1  Coaxial- cable  Shield  Parameters  (continuation). 
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Table  15.1  Coaxial-cable  Shield  Parameters  (continuation), 
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15.1  Coaxial- cable  Shield  Parameters  (conclusion). 
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Table  15.2  Transfer  Impedance  of  Typical  Cable  Connactors  [15.10]. 


Connector 

Identification 

Ro 

(ohmt) 

M,j 

(HI 

Multipin 

Burndy  NAS-15963 

0.0033 

5.7  X  10'” 

Aeroipica 

connactori 

Oeutch  38068- 10-SPN 

0.1  S 

2.5  X  10'11 

(Threaded) 

Deutch  38068-1 8-3 1SN 

0.005 

1.6  X  10'10 

Deutch  38060-22-55SN 

0.023 

1.1  X  10'10 

Oeutch  38068-  14-7SN 

0.046 

5.0  X  10*’ 1 

Oeutch  38060-14-7SN 

0.10 

8.2  X  10‘” 

Oeutch  38060-  14-7SN 

0.023 

6.7  X  10'" 

Oeutch  38068-1 2-1 2SN 

0.0033 

3.0  X  10'" 

Deutch  38068-1 2-  12SN 

0.012 

1.3  X  10*" 

Oeutch  38068-1 2-1 2SN 

0.012 

1.3  X  10'" 

Deutch  38060-1 2-1 2SN 

<0.001 

2.6  X  10',z 

Deutch  38068-1 2- 12SN 

0.014 

3.5  X  10*" 

AMP 

0.0067 

1.6  X  10'" 

AMP 

0.0067 

1.5  X  10*" 

AMP 

0.0033 

1.9  X  10'" 

Type  N 

UG  21BAJ-UG58AAJ 

» 

• 

Type  BNC 
(Bayonet) 

UG  88C/U-UG 1094 A) 

0.002 

4-8  X  10'" 

Anodized 

MS  24266R-22B-6B 

BX  104 

uM  <  R„  •  20  MHz 

Open  shell 

MS  3126-22-SS 

0.5-1 

wM  <  R0  •  20  MHz 

Split  shell 

MS  3100-18S-1P 

MS  3106A- 

0.001 

»  20  X  10'" 

‘Too  until  to  meaiure  in  prstenos  of  4  Inchst  of  copper  tubs  used  to 
mount  oonnactor. 
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Chapter  16 


DESIGN  TO  MINIMIZE  INDIRECT  EFFECTS 


16.1  Introduction 

This  chapter  covers  some  of  the  ways  that  indirect 
effects  can  be  controlled,  focusing  mostly  on  matters 
that  involve  the  aircraft  as  a  whole,  such  as  locations 
for  equipment  and  types  of  wiring.  Phrased  another 
way,  the  chapter  deals  primarily  with  matters  of  basic 
policy  regarding  protection  against  lightning  and  with 
basic  matters  of  systems  integration. 

Some  of  the  policy  steps  involved  in  controlling 
indirect  effects  are: 

1.  Specify  the  requirements. 

2.  Choose  the  best  locations  for  equipment. 

3.  Choose  the  best  locations  for  wiring. 

4.  Choose  good  wiring  and  grounding  practices. 

5.  Coordinate  actual  transients  with  specifications. 

6.  Explicitly  require  that  equipment  withstand  tran¬ 
sients. 

7.  Require  that  transient  performance  be  verified  by 
test. 

These  points  are  discussed  in  the  following  sec¬ 
tions.  The  goals  for  design  in  §16.2  may  seem  self 
evident,  but  are  frequently  not  followed.  Location 
of  equipment,  §16.3,  and  locations  for  wiring,  §16.4, 
discuss  general  good  practice.  Section  16.5  discusses 
shielding  of  interconnecting  wiring  and  brings  up  the 
perennial  controversy  of  single  vs.  multiple  point 
grounding  of  shields,  a  subject  that  was  covered  in 
detail  in  Chapter  15.  Determining  the  transient  levels 
was  the  subject  of  Chapters  9  -14.  Design  of  equip¬ 
ment  is  discussed  further  in  Chapter  17  and  verifica¬ 
tion  testing  is  discussed  in  Chapter  18. 

The  transient  control  level  concept  is  becoming 
more  widely  used  for  aircraft,  but  since  it  is  still  fairly 
new,  it  is  explained  in  some  detail,  including  a  discus¬ 
sion  of  its  historical  development. 

16.2  Requirements  and  Goals 

The  minimum  requirements  regarding  indirect  ef¬ 
fects  are  probably: 


1.  Indirect  effects  should  not  cause  physical  damage. 

2.  Indirect  effects  should  not  cause  interference  that 
presents  an  imminent  hazard  to  the  safety  of  the 
vehicle  or  its  crew,  or  interference  that  presents 
a  severe  risk  of  preventing  the  completion  of  air¬ 
craft’s  mission. 

Other  interference,  though  undesirable,  might  be 
tolerated.  For  example,  indirect  effects  that  cause 
warning  lights  to  appear  might  be  considered  accept¬ 
able  whereas  indirect  effects  that  lead  to  the  tripping 
of  circuit  breakers  might  be  unacceptable,  even  if  it 
were  possible  to  reset  the  circuit  breakers.  Interfer¬ 
ence  that  leads  to  the  scrambling  of  one  channel  of  a 
redundant  digital  control  system  is  probably  accept¬ 
able,  but  interference  that  causes  computers  to  shut 
down  is  unacceptable,  particularly  if  the  computers 
are  shut  down  in  a  disorderly  manner  which  results  in 
the  internally  stored  programs  being  scrambled. 

Some  general  premises  that  go  along  with  these 
goals  might  be: 

1.  It  is  more  productive  to  design  electronic  equip¬ 
ment  so  that  it  can  accept  lightning  induced  tran- 
aients  on  input  and  output  leads  than  it  is  to  ini¬ 
tiate  a  retrofit  program  to  provide  protection  to 
an  existing  system. 

2.  It  is  more  practical  to  design  an  electronic  sys¬ 
tem  around  the  capabilities  of  existing  and  proven 
protective  devices  or  techniques  than  it  is  to  de¬ 
velop  and  retrofit  new  and  improved  protective 
techniques  to  an  electronic  system  designed  with¬ 
out  consideration  of  the  transients  that  might  be 
produced  by  lightning. 

3.  Trade-offs  must  be  made  between  the  cost  of  pro¬ 
viding  electronic  equipment  capable  of  withstand¬ 
ing  lightning  induced  transients  and  the  cost  of 
shielding  equipment  and  interconnecting  wiring 
from  the  electromagnetic  effects  of  lightning. 

4.  Designers  should  take  as  much  advantage  as  pos¬ 
sible  of  the  inherent  shielding  that  aircraft  struc¬ 
tures  are  capable  of  supplying  and  should  avoid 


placing  equipment  and  wiring  in  locations  that  are 
most  exposed  to  the  electromagnetic  fields  pro¬ 
duced  by  lightning. 

These  may  all  seem  obvious,  but  experience  indi¬ 
cates  that  they  are  often  overlooked. 

16.3  Location  of  Electronic  Equipment 

Because  of  other  constraints  the  designer  may  not 
have  much  choice  in  the  matter,  but  it  is  often  possible 
to  make  improvements  in  the  resistance  to  indirect  ef¬ 
fects  by  locating  electronic  equipment  in  regions  where 
the  electromagnetic  fields  produced  by  lightning  cur¬ 
rent  are  lowest  and  by  avoiding  the  placement  of  equip¬ 
ment  in  the  region  where  the  electromagnetic  fields  are 
highest.  Fbr  example,  since  the  most  important  type 
of  coupling  from  the  outside  electromagnetic  environ¬ 
ment  to  the  inside  of  the  aircraft  is  through  apertures, 
it  follows  that  equipment  should  be  located  as  far  from 
major  apertures  as  possible. 

Further,  since  access  doors  with  their  imperfectly 
conducting  covers  are  a  major  source  of  electromag¬ 
netic  leakage,  it  follows  that  equipment  should  be  lo¬ 
cated  as  fax  from  such  access  doors  as  possible.  In 
practice  this  may  be  more  easily  said  than  done,  how¬ 
ever,  because  frequently  the  purpose  of  access  doors  is 
to  provide  ready  access  to  electronic  equipment. 

One  main  goal  should  be  to  locate  electronic 
equipment  toward  the  center  of  the  aircraft  structure 
rather  than  at  the  extremities,  since  the  electromag¬ 
netic  fields  tend  to  cancel  toward  the  center  of  any 
structure. 

Another  main  goal  should  be  to  locate  electronic 
equipment  away  from  the  outer  skin  of  the  vehicle;  par¬ 
ticularly  away  from  the  nose  of  the  aircraft,  where  the 
radius  of  curvature  of  a  prime  current  parrying  path 
is  smallest.  Furthermore,  if  possible,  eleMhuic  equip¬ 
ment  should  be  located  in  shielded  compartments. 

Shalvas  and  ground  planast  One  important  factor 
that  is  under  the  designers  control  is  the  type  of  shelf 
upon  which  electronic  equipment  is  to  be  located.  The 
matter  is  of  particular  importance  fbr  aircraft  using 
large  amounts  of  composite  material  for  the  structure. 
These  shelves  will  be  called  upon  to  provide  ground 
planes  or  reference  surfaces  for  electronic  equipment 
and  thus  it  is  essential  that  they  be  highly  conductive 
and  be  well  bonded  to  the  aircraft  structure.  They 
should  either  be  made  of  metal  or,  if  made  from  com¬ 
posite  materials,  they  should  be  covered  with  a  sheet 
of  aluminum  well  bonded  to  the  aircraft  structure. 

16.4  Location  of  Wiring 

Designers  have  somewhat  more  control  over  the 
routing  of  wiring  used  to  interconnect  equipment  than 


over  the  location  of  the  equipment  itself.  Wiring 
should  be  located  away  from  apertures  and  away  from 
regions  where  the  radius  of  curvature  of  structural 
members  or  the  outer  skin  is  smallest.  Moreover, 
wiring  should  be  located  as  close  to  a  ground  plane  or 
structural  member  as  possible.  If  the  structural  mem¬ 
ber  is  shaped  or  can  be  shaped  to  provide  a  trough  into 
which  the  wiring  may  be  placed,  the  member  will  pro¬ 
vide  more  inherent  shielding  than  it  will  if  the  wiring 
is  placed  on  the  edge  of  the  member.  Some  examples 
of  typical  structural  members  and  the  best  places  for 
bundles  of  wiring  are  shown  in  Fig.  16.1.  In  each 
case  the  structural  member  is  assumed  to  be  carrying 
current  along  its  axis. 


Fig.  16.1  Flux  linkages  vs  conductor  position. 

(a)  Conductors  over  a  plane 

(b)  Conductors  near  an  angle 

(c)  Conductors  near  a  channel 

(d)  Conductors  near  a  box 
In  each  case  pictured 

Conductor  1  •  highest  flux  linkages:  worst 
Conductor  2  -  intermediate  linkages:  better 
Conductor  3  -  lowest  linkages:  best 

Some  basic  principles  to  follow  are: 

1.  The  closer  a  conductor  is  placed  to  a  metallic 
ground  plane,  the  less  is  the  flux  that  can  pass 
between  that  conductor  and  the  ground  plane. 
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2.  Magnetic  fields  are  concentrated  around  protrud¬ 
ing  structural  members  and  diverge  in  inside  cor¬ 
ners.  Hence,  conductors  located  atop  protruding 
members  will  intercept  more  magnetic  flux  than 
conductors  placed  in  comers,  where  the  field  in¬ 
tensity  is  weaker. 

3.  Fields  will  be  weaker  on  the  interior  of  a  U-shaped 
member  than  they  will  be  on  the  edges  of  that 
member. 

4.  Fields  will  be  lowest  inside  a  closed  member. 


Some  examples  of  cable  routing  are  shown  on  Fig. 

16.2. 


Fig.  16.2  Conductor  routing. 

(a)  A  fuselage  structure 

(b)  A  wing  structure 

In  each  case  pictured 

Conductor  1  -  highest  flux  linkages:  worst 

Conductor  4  -  lowest  flux  linkages:  best 

Stiffeners:  Along  the  interior  of  a  structure,  a  cable 
clamped  to  stiffeners,  as  at  position  i,  will  effectively 
be  spaced  away  from  the  metal  skin  by  the  height  of  the 
stiffeners.  A  conductor  along  the  outside  edge  of  the 
U-shaped  member,  as  shown  by  conductor  2  in  Fig. 
16.2(a),  may  or  may  not  be  better  placed  than  con¬ 
ductor  1:  effectiveness  depends  on  how  closely  the  con¬ 
ductor  is  attached  to  the  side  of  the  U-shaped  mem¬ 
ber.  Conductor  3,  placed  along  the  edge  where  the 
U-shaped  member  is  attached  to  the  stiffeners,  would 
probably  be  in  a  lower  field  environment  than  would 
either  conductor  1  or  conductor  2.  Conductor  4,  lo¬ 


cated  on  the  interior  of  the  U-channel,  would  be  in 
the  lowest  field  region  and  hence  in  the  most  effective 
position.  Similar  considerations  apply  to  conductors 
located  in  structures  like  wings  or  stabilizers. 

Trailing  edges:  A  conductor  located  along  the  outside 
trailing  edge  of  the  wing,  as  shown  by  conductor  1  in 
Fig.  16.2(b),  will  pick  up  much  more  flux  than  will  any 
conductor  located  on  the  inside,  probably  by  several 
orders  of  magnitude.  Hence  conductor  2,  located  on 
the  inside  of  the  trailing  edge,  would  be  better  placed. 
Conductors  3  and  4,  in  that  order,  would  be  in  the  re¬ 
gions  of  lowest  magnetic  flux.  A  conductor  that  could 
be  run  inside  a  major  structural  member,  as  shown  by 
conductor  4,  will  be  exposed  to  a  minimum  amount 
of  magnetic  flux.  Conductor  5,  located  at  the  leading 
edge  of  the  wing,  would  be  in  a  well  shielded  region  if 
the  leading  edge  of  the  wing  were  metal,  but  it  would 
be  in  a  high  field  region  and  therefore  vulnerable  if 
the  leading  edge  were  a  nonmetallic  covering.  How¬ 
ever,  even  if  the  covering  were  metallic,  conductor  5 
would  not  be  in  as  protected  a  region  as  either  con¬ 
ductor  3  or  conductor  4,  because  of  the  tight  radius  of 
the  leading  edge. 

Windshisld  posts:  Windshield  posts,  shown  in  Fig. 
16.3,  tend  to  concentrate  the  current  flowing  on  the 
exterior  surface  of  the  vehicle,  particularly  if  a  flash 
is  swept  back,  contacting  the  windshield  poet  directly 
or  the  eyebrow  region  above  the  windshield.  Since  the 
current  is  concentrated,  the  magnetic  field  intensity 
inside  the  crew  compartment  tends  to  be  very  high. 
The  situation  is  aggravated  by  the  fact  that  the  wind¬ 
shields,  unlike  other  regions  where  the  field  might  have 
to  diffuse  through  the  metal  surfaces,  act  as  large  aper¬ 
tures  and  so  allow  the  internal  magnetic  flux  to  build 
to  its  peak  values  very  rapidly. 


Fig.  16.3  Current  flow  along  windshield  posts. 

(a)  External  current  flow 

(b)  Interna]  magnetic  fields 
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Instruments  and  wiring  on  the  control  panels  are 
thus  in  a  region  of  inherently  high  magnetic  field 
strength.  Conductors  that  run  from  overhead  control 
panels  (position  A)  to  other  instruments  (position  B) 
are  often  run  along  the  windshield  center  posts.  They 
axe  thus  in  a  region  of  the  most  concentrated  magnetic 
fields  likely  to  be  found  on  sin  aircraft,  and  accordingly 
they  may  have  induced  in  them  the  highest  voltages. 

16.5  Wiring  and  Grounding  Practices 

Practices  should  be  chosen  with  forethought,  prop¬ 
erly  illustrated  and  implemented,  and  not  be  left  to 
develop  by  chance.  The  design  office  should  make  sure 
that  everyone  knows  what  the  design  practices  are  and 
all  designs  should  be  checked  to  ensure  that  they  follow 
practices  good  for  resistance  to  lightning  effects. 

16.5.1  Basic  Grounding  Practices 

Proper  grounding  of  equipment  is  necessary  if  in¬ 
direct  effects  are  to  be  controlled,  but  there  are  many 
factors  to  be  considered.  Best  practice  for  one  as¬ 
pect  often  conflicts  with  best  practice  for  other  as¬ 
pects.  There  is  no  single  point  on  an  aircraft  that  can 
be  called  “Ground”  and  compatibility  problems  are 
not  resolved  just  by  making  a  wire  connection  to  an 
“equipotential  ground  plane."  The  closest  approxima¬ 
tion  to  an  equipotential  surface  will  be  found  on  the 
inner  surface  of  a  shielding  enclosure  or  the  inner  sur¬ 
face  of  a  properly  terminated  wire  shield,  places  where 
the  density  of  lightning  induced  noise  currents  is  low. 

Some  basic  considerations  are  as  follows: 

Aircraft  structure  as  a  return  path:  Lightning  current 
flowing  through  the  structure  of  an  aircraft  produces 
voltage  rises  which  can  couple  to  internal  circuits.  His¬ 
torically,  experience  has  shown  that  the  structure  of 
metal  aircraft  can  be  used  successfully  as  a  return 
circuit  for  power  distribution,  but  aircraft  structure 
should  never  be  used  as  a  return  path  for  signal  or 
control  circuits.  Aircraft  using  targe  amounts  of  com¬ 
posite  materials  for  the  structure  should  use  separate 
dedicated  return  wires  for  power  circuits. 

Single  point  grounding:  Single  point  grounding,  Fig. 
16.4,  prevents  the  low  frequency  component  of  the 
voltage  rises  from  coupling  to  circuits  and  should  be 
used  where  possible.  It  does  though,  subject  equip¬ 
ment  to  high  common  mode  voltages.  It  is  most 
easily  implemented  for  simple  electromechanical  de¬ 
vices,  such  as  motors,  servos,  solenoids,  potentiome¬ 
ters,  lights  and  switches.  All  of  these  are  devices  that 
can  withstand  several  hundreds  or  possibly  a  few  thou¬ 
sands  of  volts  between  the  internal  circuits  and  the 
case  or  frame  of  the  device. 


ground  R 


Fig.  16.4  Single  point  grounding. 

(a)  Coupling  of  structural  IR  voltage 

(b)  Elimination  of  structural  IR  voltage 

Problems  with  single  point  grounding:  While  the  sin¬ 
gle  point  ground  concept  avoids  coupling  of  structural 
voltage  rises,  it  does  have  problems,  particularly  in 
regards  to  low  level  electronic  circuits. 

1.  It  does  not  eliminate  the  high  frequency  compo¬ 
nent  of  voltage  rises. 

2.  It  eliminates  the  low  frequency  component  of  volt¬ 
age  rises  only  by  subjecting  equipment  to  a  com¬ 
mon  mode  voltage.  The  common  mode  voltages 
may  be  excessive  for  electronic  equipment. 

3.  Long  ground  leads  may  be  involved.  These  leads 
have  impedance,  resistance  and  inductance,  and 
lightning  current  flowing  through  these  leads  pro¬ 
duces  dangerous  voltages. 

When  investigations  have  been  made  of  light¬ 
ning  induced  damage  to  electronic  equipment  it  is  fre¬ 
quently  found  that  a  single  point  ground  concept  has 
been  carried  to  extremes,  or  that  it  was  applied  with¬ 
out  recognition  of  the  common  mode  voltage  problems 
that  are  entailed.  For  electronic  circuits  a  multipoint 
ground  concept  is  generally  to  be  preferred. 

Multiple  point  (rounding:  Shielding  against  electro¬ 
magnetic  effects  requires  multipoint  grounding.  Mul¬ 
tipoint  grounding,  Fig.  16.5,  requires  that  each  LRU 
case  be  the  single  point  reference  for  all  internal 
circuitry.  Each  circuit  or  signal  type  is  multipoint 
grounded  to  local  reference  planes  and  then  each  of 
these  reference  planes  is  terminated  to  the  chassis. 
The  chassis  is  then  terminated  to  the  nearest  airframe 
ground  plane. 
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Fig.  16.5  Multiple  point  grounding. 

(a)  Good 

(b)  Bad 

Multipoint  grounding  is  sometimes  objected  to  on 
the  basis  that  it  creates  “ground  loops”  or  that  it  may 
subject  input  and  output  circuits  to  high  voltages. 
These  are  valid  points,  but  generally  it  is  easier  to  deal 
with  the  residual  problems  associated  with  multipoint 
grounding  than  with  those  associated  with  single  point 
grounding. 

16.5.2  Shielding  of  Interconnecting  Wiring 

In  order  to  make  an  electronic  system  immune  to 
the  effects  of  lightning,  it  is  almost  always  necessary 
to  make  judicious  use  of  shielding  on  interconnect¬ 
ing  wiring  and  to  provide  proper  grounding  of  these 
shields.  Factors  governing  the  performance  of  cable 
shields  were  discussed  in  detail  in  Chapter  15,  but  will 
be  reviewed  here.  Fig.  16.6  shows  some  of  the  basic 


Fig.  16.6  Types  of  shield. 


(a)  Unshielded  vs  shielded 

(b)  Multiple-grounded 

(c)  Solid  vs  braid  vs  spiral  wrapped 

(d)  Conduits 


Unshielded  conductors:  In  Fig.  16.6(a)  an  unshielded 
conductor,  being  exposed  to  the  full  magnetic  field  in¬ 
side  the  structure,  will  have  high  voltages  developed 
across  the  high  impedance  terminations. 

Types  of  shield:  Of  the  different  types  of  shield,  shown 
in  Fig.  16.6(c),  the  solid  shield  inherently  provides  bet¬ 
ter  shielding  than  does  a  braided  shield,  and  a  spiral 
wrapped  shield  can  be  far  inferior  t.o  a  braided  shield  in 
performance.  In  severe  environments  braided  shields 
using  two  overlapping  courses  of  braid  may  give  shield¬ 
ing  performance  approaching  that  of  a  solid  •.vailed 
shield. 

Conduits:  Conduits,  shown  in  Fig.  16.6(d),  should  not 
be  relied  upon  for  protection  against  indirect  effects 
since  they  may  or  may  not  provide  electromagnetic 
shielding. 

Coi.  duits  in  aircraft  tend  to  be  used  more  for  me¬ 
chanical  protection  than  for  electrical  protection  of 
conductors.  Only  if  the  conduit  is  electrically  con¬ 
nected  to  the  aircraft  structure  will  it  be  able  to  carry 
current  and  thus  provide  shielding  for  the  conductors 
within.  Conduits  for  mechanical  protection  frequently 
are  physically  mounted  in  clamps  that  use  rubber  gas¬ 
kets  to  prevent  mechanical  vibration  and  wear.  Such 
clamps,  of  course,  insulate  the  conduit  and  prevent  it 
from  having  any  magnetic  shielding  capability. 

Clearly,  nonmetallic  conduits  will  not  provide 
electromagnetic  shielding. 

16.5.3  Grounding  of  Shields 

Shield  grounded  at  one  end:  The  presence  of  a  shield 
grounded  at  only  one  end  will  not  significantly  af¬ 
fect  the  magnitude  of  the  voltage  induced  by  changing 
magnetic  fields,  although  a  shield  may  protect  against 
changing  electric  fields.  While  a  shield  may  keep  the 
voltage  at  the  grounded  end  low,  it  will  allow  the  com¬ 
mon  mode  voltage  on  the  signal  conductors  to  be  high 
at  the  unshielded  end. 

Shield  grounded  at  both  ends:  Shielding  against 
magnetic  fields  requires  the  shield  to  be  grounded  at 
both  ends,  as  shown  in  Fig.  16.6(b),  in  order  that  it 
may  carry  a  circulating  current.  It  is  the  circulating 
current  that  cancels  the  magnetic  fields  that  produce 
common  mode  voltages. 

Control  of  lightning  indirect  effects  almost  always 
requires  that  interconnecting  wiring  be  provided  with 
an  overall  shield  and  that  the  shield  be  grounded  at 
each  end.  This  does  raise  conflicts  that  must  (and  can) 
be  resolved. 
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Multiple  ground  points:  There  is  some  virtue  in  stag¬ 
gering  the  spacing  between  multiple  ground  points  on 
a  cable  shield,  since  it  is  theoretically  possible  that 
uniform  grounding  can  lead  to  troublesome  standing 
waves  if  the  shield  is  illuminated  by  a  sustained  fre¬ 
quency  interference  source.  Also,  the  cable  may  be 
exposed  to  a  significant  amount  of  magnetic  field  over 
only  a  small  portion  of  its  total  length.  If  the  shield  is 
multiple-grounded,  the  circulating  currents  will  tend 
to  flow  along  only  one  portion  of  the  cable  whereas, 
if  it  is  grounded  at  only  the  two  ends,  current  is  con¬ 
strained  to  flow  the  entire  length  of  the  cable. 

Possible  conflicts:  The  requirement  that  a  shield  in¬ 
tended  for  protection  against  lightning  effects  must  be 
grounded  at  both  ends  raises  the  perennial  controversy 
about  single-point  versus  multiple-point  grounding  of 
circuits.  For  many  reasons,  usually  legitimate,  low 
level  circuits  need  to  be  shielded  against  low  fre¬ 
quency  interference.  Most  commonly,  and  usually  le¬ 
gitimately,  the  shields  intended  for  such  low  frequency 
interference  protection  are  grounded  at  only  one  end. 

A  fundamental  concept  often  overlooked,  how¬ 
ever,  is  that  the  physical  length  of  such  shields  must 
be  short  compared  to  the  wavelength  of  the  interfering 
signals.  Lightning  produced  interference,  however,  is 
usually  broad  band  and  includes  significant  amounts 
of  energy  at  quite  high  frequencies,  frequencies  higher 
than  those  the  typical  low  frequency  shields  are  in¬ 
tended  to  handle. 

Resolution  of  conflict:  The  conflict  between  the  prac¬ 
tices  best  for  shielding  against  high  frequency,  light¬ 
ning  produced  interference  and  those  for  shielding 
against  everyday,  low  frequency  interference  is  usually 
too  great  for  both  sets  of  requirements  to  be  met  by 
use  of  only  one  shield  system. 

Most  commonly  both  sets  of  requirements  can 
be  met  only  by  having  one  shield  system  to  protect 
against  low  frequency  interference  and  a  second  shield 
system  to  protect  against  lightning-generated  interfer¬ 
ence.  The  lightning  shield  can  usually  consist  of  an 
overall  braided  shield  on  a  group  of  conductors  with 
this  overall  shield  being  grounded  to  the  aircraft  struc¬ 
ture  at  least  at  the  ends.  Within  the  overall  shield  may 
be  placed  whatever  types  of  circuit  are  needed. 

Frequently  these  circuits  will  have  a  shielded  con¬ 
ductor  of  their  own.  In  a  coordinated  shielded  system 
the  designers  of  individual  circuits  should  have  the 
option  of  grounding  such  inner  shields  as  their  own 
requirements  dictate,  but  they  should  not  have  the 
power  ol  dictating  the  treatment  ot  the  overall  shield. 
Such  an  overall  shield  (OAS)  is  shown  in  Fig.  16.7. 
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Fig.  16.7  Overall  shield. 
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16.5.4  Ground  Connections  for  Shields 


The  method  of  grounding  an  overall  shield  can 
have  a  great  impact  on  its  effectiveness  in  protecting 
against  lightning  generated  interference.  Figs.  16.8(a) 
through  16.8(e)  show  several  methods  of  grounding 
such  a  shield  when  that  shield  is  placed  over  a  group 
of  conductors  being  brought  into  an  equipment  case. 

360  degree  grounding:  For  best  performance  the  OAS 
should  be  terminated  on  the  back  shell  of  a  connector 
specifically  designed  for  such  termination.  The  shield 
should  make  a  360  degree  circumferential  connection 
to  the  back  shell  of  the  connector  and  the  connector 
shell  itself  should  be  designed  to  have  low  dc  resistance 
to  its  mating  panel  connector. 

Most  commonly,  such  low  resistance  mating  re¬ 
quires  the  use  of  grounding  fingers  within  the  connec¬ 
tor  shell.  Connectors  without  such  grounding  fingers 
frequently  have  high  resistance  between  the  mating 
shells,  since  the  shells  are  frequently  coated  with  an  in¬ 
sulating  coating  to  reduce  problems  of  corrosion.  The 
shell  of  the  panel  connector  should  also  provide  a  360 
degree  peripheral  connection  to  the  metal  equipment 
case.  Providing  such  a  connection  frequently  requires 
that  paint  or  other  coatings  on  the  case  of  the  equip¬ 
ment  be  removed  and  the  bare  metal  exposed. 

Pigtail  grounding:  In  the  absence  of  a  360  degree  con¬ 
nector,  an  external  pigtail  is  often  used  for  grounding 
the  OAS,  as  shown  in  Fig.  16.8(b).  Such  pigtails  are 
definitely  inferior  to  the  360  degree  connector  because 
they  force  an  interfering  current  on  the  shield  to  be 
concentrated  through  the  pigtail,  and  hence  provide  a 
much  greater  degree  of  magnetic  coupling  to  the  core 
conductors  them  does  the  distributed  flow  on  a  prop¬ 
erly  designed  connector  back  shell.  If  such  a  pigtail  is 
used,  it  should  be  as  short  as  possible  and  should  ter¬ 
minate  on  the  outside  of  the  equipment  case.  A  pigtail 
of  only  a  very  few  inches  in  length  may  introduce  more 
leakage  from  the  shield  onto  the  inner  conductors  than 
does  a  several  foot  section  of  the  shield  itself. 

Grounding  to  a  romoto  point:  Cable  shields  should 
be  grounded  to  the  case  upon  which  the  connector  is 
mounted  and  should  not  be  grounded  to  a  remote  “low 
noise"  ground  point,  as  shown  in  Fig.  16.8(c) 
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Fig.  16.8  Types  of  grounding  for  shields. 


Fig.  16.9  Daisy  chain  grounding. 


Grounding  to  an  inside  surface:  Grounding  an  over¬ 
all  shield  to  the  inside  surface  of  an  equipment  case 
through  a  pigtail  and  a  set  of  contacts  in  the  connec¬ 
tor  is  less  effective  than  the  use  of  an  external  pigtail, 
partly  because  the  length  of  the  pigtail  is  inherently 
longer  and  partly  because  it  brings  currents  directly 
to  the  inside  of  the  case.  Such  grounding  of  an  over¬ 
all  shield  should  be  avoided  wherever  possible  and,  in 
particular,  must  be  avoided  whenever  the  overall  shield 
runs  through  a  region  where  it  will  intercept  a  signif¬ 
icant  amount  of  energy  from  the  external  electromag¬ 
netic  field. 

Grounding  to  signal  bus:  In  no  case  should  an  overall 
shield  be  connected  to  a  signal  ground  bus. 

Daisy  chain  grounding:  Daisy  chain  grounding  of 
cable  shields,  illustrated  in  Fig.  16.9,  should  never 
be  used.  It  constrains  current  intercepted  by  all  the 
shields  to  flow  through  a  common  path  and  so  pro¬ 
vides  the  greatest  potential  to  defeat  the  purpose  of 
the  shields. 

16.6  Coordination  Between  Transients  and 
Specifications 

Section  5.7  discussed  pass/fail  criteria  in  terms 
of  Transient  Control  Levels  and  Equipment  Transient 
Design  Levels,  TCLs  and  ETDLs  while  [16.1]  suggests 
possible  levels.  The  following  material  discusses  the 
concepts  in  more  detail. 


Alternatives  regarding  transients:  Three  possible  ap¬ 
proaches  to  dealing  with  lightning  induced  transients 
are: 

1.  Designers  of  aircraft  equipment  (“black  boxes”) 
might  be  considered  to  have  the  responsibility  to 
provide  equipment  that  will  withstand  the  tran¬ 
sients  that  might  be  developed  in  the  aircraft, 
whatever  those  transients  might  be. 

2.  Designers  of  aircraft  wiring  might  be  considered  to 
have  the  responsibility  for  ensuring  that  transients 
never  exceed  the  capabilities  of  terminal  equip¬ 
ment,  whatever  that  might  be. 

3.  Design  efforts  might  be  coordinated  so  that  de¬ 
signers  of  equipment  would  guarantee  that  their 
equipment  could  withstand  transients  of  one  level 
and  designers  of  wiring  systems  would  guarantee 
that  the  transients  would  never  exceed  another, 
and  lower,  level. 

TVansient  coordination  represents  the  third  of  the 
approaches. 

16.6.1  Evolution  of  Transient  Standards  for 
Aircraft 

Transient  control  level  standards  now  coming  into 
use  for  aircraft  have  evolved  from  several  sources;  air¬ 
craft,  military  and  industrial. 


427 


Basic  Insulation  Levels:  The  transient  control  level 
philosophy  was  originally  inspired  by  the  Basic  Insu¬ 
lation  Level,  BIL,  or  transient  coordination  philosophy 
used  in  the  electric  power  field  for  many  years  [16.2].  It 
developed  in  recognition  that  power  equipment,  such 
as  transformers  would  always  be  subjected  to  surges 
produced  by  lightning  and  that  the  magnitude  of  the 
surges  could  be  known  only  in  statistical  terms.  Ex¬ 
perience  had  shown,  however,  that  these  surges  were 
capable  of  destroying  equipment  and  that  equipment 
would  have  to  be  protected  by  surge  arresters.  It  was 
also  taken  as  axiomatic  that  the  insulation  built  into 
equipment  would  have  to  be  coordinated  with  the  abil¬ 
ities  of  the  arresters.  Also,  it  was  taken  as  axiomatic 
that  it  would  be  preferable  to  have  standard  ratings  of 
surge  arresters,  coordinated  to  the  limited  number  of 
standard  ratings  of  operating  voltages. 

The  transient  coordination  system  that  evolved 
[16.3]  provided  for  a  limited  number  of  insulation  lev¬ 
els,  such  as  a  150  kV  BIL  level  for  23  kV  equipment 
and  550  kV  BIL  for  115  kV  equipment.  Equipment 
designed  to  operate  at  115  kV  was  provided  with  in¬ 
sulation  sufficient  to  withstand  a  E50  kV  impulse  and 
this  was  verified  by  test  on  each  and  every  major  piece 
of  equipment  before  it  was  shipped. 

The  550  k  V  represented  only  the  level  to  which  the 
designer  knew  the  equipment  would  be  tested  in  the 
factory  and  was  never  taken  as  representing  the  level  of 
surges  to  which  the  equipment  would  be  subjected  in 
the  field.  All  the  designer  needed  was  assurance  that 
protective  equipment  was  available  and  would  be  used 
to  ensure  that  naturally  occuring  surges  would  be  less 
than  550  kV  by  a  suitable  margin. 

The  essential  elements  of  the  BIL  system  thus  con¬ 
sisted  of: 

1.  Availability  of  equipment  to  control  natural  tran¬ 
sients. 

2.  Standards  covering  equipment  and  practices  for 
performing  tests. 

3.  A  limited  number  of  standard  voltage  test  levels. 

4.  Standard  current  test  levels  for  surge  protective 
devices. 

5.  Standard  waveshapes,  capable  of  being  produced 
by  equipment  in  many  laboratories. 

6.  Agreement  to  perform  the  tests  using  the  stan¬ 
dard  test  levels  and  to  make  changes  in  levels 
only  after  it  was  agreed  that  improved  protective 
equipment  was  commercially  available. 


The  BIL  system  has  been  in  place  for  many  years, 
is  recognized  world  wide  and  has  resulted  in  electrical 
power  equipment  that  is  very  seldom  damaged  by  the 
effects  of  lightning. 

ANSI  Surge  Withstand  Capability  Test  (SWC)  :  An¬ 
other  specification  that  influenced  development  of  the 
TCL  philosophy  was  the  ANSI  (SWC)  Surge  With¬ 
stand  Capability  Test  [16.4,  16.5].  The  test  was  in¬ 
tended  for  simulation  of  the  transients  found  in  high 
voltage  electrical  substations  when  circuit  breakers 
and  disconnect  switches  were  operated.  Tests  had 
shown  that  equipment  in  such  substations  might  be 
exposed  to  oscillatory  transient  voltages  of  several  kV 
in  magnitude.  To  some  extent  the  specification  was 
applied  to  equipment  of  types  other  than  those  for 
which  it  was  originally  intended,  largely  because  it  was 
a  specification  in  existence  and  recognized  by  stan¬ 
dardizing  agencies. 

The  document  called  for  open  circuit  voltages  of 
between  2.5  and  3  kV,  with  the  oscillatory  frequency 
being  from  1.0  to  1.5  MHz.  Decrement  was  specified 
by  requiring  that  the  envelope  decay  to  50%  in  no  less 
than  6  fis  , though  this  implies  a  lower  less  test  circuit 
than  might  be  found  in  practice.  The  voltage  range 
specified  was  reasonable  for  apparatus  in  high  voltage 
substations,  but  might  be  high  for  electronic  equip¬ 
ment  located  in  shielded  locations. 

The  original  intent  of  the  test  was  that  the  speci¬ 
fied  voltages  would  be  applied  directly  to  the  terminals 
of  apparatus  to  verify  that  the  equipment  would  not 
be  damaged.  Experience  has  shown  that  it  is  some¬ 
times  difficult  to  inject  such  voltages  into  circuits  by 
transformer  coupling. 

The  document  recognized  the  importance  of  short 
circuit  capability  in  that  it  called  for  a  150  ohm  source 
impedance.  The  document  also  provided  construction 
details  of  a  surge  generator  to  produce  the  specified 
wave.  The  recommended  test  generator  circuit  was 
somewhat  uncontrolled,  using  an  untriggered  spark 
gap  firing  virtually  at  random  at  the  crest  of  an  ac 
charging  voltage,  though  the  waveform  itself  does  not 
imply  any  particular  generator  test  circuit. 

Tran«i«nt>  in  residential  wiring:  Martzloff  and  How¬ 
ell  [i  3.6]  proposed  a  transient  voltage  test  with  a  fre¬ 
quency  of  100  kHz  and  a  voltage  range  of  0  to  8  kV. 
The  wave  was  intended  for  the  duplication  of  tran¬ 
sients  found  in  residential  circuits  on  120  V  ac  lines,  for 
which  measurements  showed  that  transients  were  com¬ 
monly  oscillatory  with  frequencies  measured  in  a  few 
hundred  kHz.  The  damping  was  specified  such  that 
the  ratio  of  successive  half  -cycles  should  be  greater 
than  0.6.  This  might  be  somewhat  high,  particularly  is 
the  transient  is  to  be  coupled  into  equipment  through 
transformers. 
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No  specification  was  made  about  the  magnitude 
or  waveshape  of  the  short  circuit  current.  Martzloff 
and  Howell  show  a  test  circuit  capable  of  injecting  the 
transient  onto  120  V  ac  lines  where,  since  the  output 
impedance  of  the  circuit  is  basically  150  resistive,  the 
shape  of  the  short  circuit  current  would  be  about  the 
same  as  that  of  the  open  circuit  voltage. 

This  waveform  and  this  test  circuit  have  been 
widely  accepted  in  some  fields.  One  example  is  in  re¬ 
lation  to  ground  fault  interrupters  [16.7]. 

NEMP:  Test  practices  for  simulation  of  NEMP  effects 
were  being  developed  about  the  time  the  TGL  phi¬ 
losophy  was  evolving.  Particularly  valuable  was  the 
practice  of  injecting  transients  into  conductors  using 
.transformer  coupling.  The  waveshapes  in  use  were 
most  commonly  oscillatory  with  frequencies  of  several 
MHz. 

NASA  Space  Shuttle:  The  present  TCL  philosophy 
was  first  proposed  in  [16.8]  and  later  presented  in 
[16.9], 

At  one  stage  in  the  development  of  the  Space 
Shuttle  Criteria  Document,  there  was  an  allowance 
made  for  two  basically  unidirectional  transient  test 
waves.  While  those  test  waves  had  some  deficiencies 
and  have  been  largely  superseded,  discussion  of  them 
is  still  appropriate,  since  that  discussion  will  illustrate 
some  of  the  problems  inherent  in  waveform  specifica¬ 
tions. 

Waveshapes  for  aperture  effects:  The  first  of  these 
specifications  dealt  with  a  transient  rising  to  crest  in 
2  fis  and  decaying  to  zero  in  100  ps.  The  intent  of  this 
test  wave  was  to  duplicate  in  some  manner  the  effects 
produced  by  magnetic  flux  leaking  through  apertures. 

The  specification  gave  only  straight  line  represen¬ 
tations  of  the  waves,  it  being  understood  that  actual 
test  waves  would  have  more  complex  waveshapes.  Un¬ 
fortunately,  some  groups  misunderstood  the  intent  of 
the  specification  and  attempted  to  design,  at  great 
expense,  pulse  generators  that  produced  triangular 
waves. 

The  Shuttle  specification  on  waveforms  permitted 
a  backswing,  a  feature  characteristic  of  transformer- 
coupled  surges.  The  backswing  amplitude  was  re¬ 
quired  to  be  less  than  25%  of  the  initial  amplitude,  but 
the  duration  of  the  backswing  was  left  uncontrolled. 
The  test  waveform  was  not  intended  to  be  interpreted 
as  requiring  a  backswing.  An  overdamped  wave  was 
perfectly  satisfactory. 

If  an  overdamped  waveform  was  used,  there  would 
be  no  dearly  defined  time  to  zero.  In  such  cases  the 
decay  time  was  intended  to  be  taken  as  one-half  the 
indicated  value  (50  ns  instead  of  100  /is)  and  mea¬ 


sured  to  the  time  at  which  the  wave  had  decayed  to 
50%  of  its  initial  amplitude.  The  waveform  was  thus 
similar  to  the  standard  ANSI  test  waveform  derived 
for  tests  on  high-voltage  apparatus.  The  front  time  of 
2  us  reflected  the  2  fxs  front  time  of  the  basic  lightning 
design  current.  The  transients  themselves  were  speci¬ 
fied  as  having  amplitudes  of  50  V  open  circuit  and  10 
A  short  circuit. 

The  second  specification  was  for  a  long-duration 
transient  representing  the  effects  produced  by  mag¬ 
netic  flux  diffusing  through  the  walls  of  cavities.  Such 
flux  would  have  rise  and  decay  times  much  longer  than 
those  of  the  lightning  current.  The  specification  called 
for  a  short  circuit  current  of  5  A  and  an  open  circuit 
voltage  of  0.5  V,  both  taking  300  ns  to  reach  crest  and 
another  300  ns  for  decay  to  zero.  The  specification  of 
equal  times  to  crest  and  from  crest  back  to  zero  is  in¬ 
compatible  with  the  response  of  real  physical  elements. 
In  practice,  any  waveform  with  a  rise  time  of  300  ns 
would  have  a  decay  time  longer  than  600  ns- 

One  common  deficiency  of  the  above  specification 
was  that  it  did  not  clearly  distinguish  between  tran¬ 
sient  voltages  and  transient  currents,  and  did  not  sat¬ 
isfactorily  account  for  the  effects  of  transient  source 
impedance.  Both  the  short  circuit  current  and  open 
circuit  voltage  had  the  same  waveshape.  In  practice 
the  open  circuit  voltage  would  be  of  a  duration  shorter 
than  that  of  the  short  circuit  current. 

Original  TCL  proposals:  In  the  paper  in  which  the 
concept  of  transient  control  levels  was  first  presented 
[16.10],  Fisher  and  Martzloff  proposed  a  test  wave  that 
was  primarily  unidirectional.  The  open  circuit  voltage 
was  characterized  by  a  fast  rise  to  crest  and  then  a  de¬ 
cay  to  zero  in  5  /«,  or  greater.  To  allow  for  transformer 
coupling  of  the  transient,  a  backswing  was  allowed  af¬ 
ter  the  transient  had  decayed  to  zero.  The  character 
of  the  backswing  was  not  specified-only  that  its  ampli¬ 
tude  should  be  less  than  50%  of  the  initial  amplitude. 

The  rationale  behind  this  voltage  waveform  con¬ 
cept  included  the  following  aspects: 

1.  It  should  be  in  some  measure  proportional  to  the 
derivative  of  the  magnetic  field  produced  by  a 
lightning  current. 

2.  The  duration  of  the  transient  should  be  long 
enough  that  possible  failures  of  semiconductors 
would  not  be  strongly  affected  by  the  waveshape 
of  the  transient,  since,  with  transients  of  dura¬ 
tion  shorter  than  about  a  microsecond,  the  failure 
levels  of  semiconductors  are  strongly  affected  by 
waveshape. 

3.  The  duration  of  the  transient  should  be  roughly 
comparable  to  the  (then  existing)  duration  of 
clock  cycles  in  digital  equipment. 
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4.  The  transient  should  include  a  rapidly  changing 
phase  to  excite  inductively  coupled  circuit  ele¬ 
ments. 

5.  The  transient  should  be  one  that  could  be  pro¬ 
duced  by  and  coupled  to  equipment  by  relatively 
simple  test  equipment. 

Directly  associated  with  the  open  circuit  voltage 
transient  was  a  short  circuit  current  transient.  The 
short  circuit  current  was  that  current  which  would  flow 
from  a  source  the  internal  impedance  of  which  could 
be  represented  as  50  fl  in  parallel  with  50  fiH,  Fig. 
16.10(a).  The  test  waves  taken  together  as  a  set  were 
thus  more  consistent  than  were  those  relating  to  the 
Space  Shuttle.  Amplitudes  of  neither  current  nor  volt¬ 
age  were  specified,  since  the  test  levels  would  be  part 
of  transient  control  level  specification. 

In  answer  to  response  from  readers  and  users  of 
the  original  Fisher  and  Martzloff  paper  [16.10]  on  the 
transient  control  level  philosophy,  Crouch,  Fisher,  and 
Martzloff  [16.11]  proposed  a  test  wave  somewhat  dif¬ 
ferent  from  the  original  one.  The  revised  voltage  wave, 
shown  in  Fig.  16.10(b),  emphasized  the  oscillatory  na¬ 
ture  of  the  wave,  rather  than  deemphasizing  it,  as  did 
the  original  test  wave.  The  front  time  was  raised  to 
0.5  /is,  the  course  of  the  wave  after  crest  being  defined 
in  terms  of  its  oscillatory  frequency  of  100  kHz  and 
the  decrement  specified  by  requiring  that  the  ratio  of 
successive  half-cycles  be  greater  than  0.6.  The  voltage 
wave  thus  became  nearly  identical  with  that  proposed 
by  Maxtzloff  and  Howell. 


Fig.  16.10  Original  TCL  proposals. 

(a)  Source  impedance 

(b)  Voltage  and  current 


These  papers  seem  to  have  been  the  first  to  ex¬ 
plicitly  deal  with  the  question  of  source  impedance  in 
transient  specifications. 

16.6.2  Transient  Control  Level  Philosophy 

The  TCL  philosophy  [16.12, 16.13]  follows  the  ba¬ 
sic  concepts  of  the  BIL  approach  to  transient  coor¬ 
dination  in  that  targets  or  specifications  relative  to 
transients  should  be  assigned  both  to  those  who  de¬ 
sign  electronic  equipment  (“black  boxes”)  and  those 
who  design  wiring  to  interconnect  those  black  boxes, 
rather  than  having  things  develop  by  chance.  The  lev¬ 
els  would  be  assigned  by  a  transient  coordinator  (Pro¬ 
gram  Office)  and  tests  would  be  performed  to  verify 
that  the  goals  had  been  met.;  tests  on  equipment  to 
verify  that  it  can  withstand  the  transients  and  tests 
on  the  aircraft  to  verify  that  the  specified  levels  had 
not  been  exceeded. 

The  TCL  philosophy  is  illustrated  in  Fig.  16.11. 

_ _  equipment  tramiant 

P  f  j  «u*cepUbllity  levels 

I  I 


Fig.  16.11  The  transient  coordination  philosophy. 


It  encompasses  the  following: 

Actual  transient  level:  Ensuring  that  the  actual  tran¬ 
sient  level  produced  by  lightning  (or  any  other  source 
of  transient)  will  be  less  than  that  associated  with  the 
transient  control  level  number  assigned  to  the  cable 
designer.  The  cable  designer’s  job  would  be  to  an¬ 
alyze  the  electromagnetic  threat  that  lightning  would 
present  and  to  use  whatever  techniques  of  circuit  rout¬ 
ing  or  shielding  would  be  necessary  to  ensure  that  the 
actual  transients  produced  by  lightning  did  not  exceed 
the  values  specified  for  that  particular  type  of  circuit. 
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Equipment  transient  design  level:  The  ETDL  con¬ 
trolling  the  type  of  circuit  or  circuit  protection  tech¬ 
niques  used,  and  assigned  to  the  avionics  designer, 
would  be  higher  than  the  transient  control  level  by  a 
margin  reflecting  how  important  it  was  that  lightning 
did  not  in  fact  interfere  with  the  piece  of  equipment 
under  design.  A  margin  is  necessary  because  any  sin¬ 
gle  lightning  flash  might  produce  an  actual  transient 
level  higher  than  the  assigned  transient  control  level, 
which  would  have  been  derived  for  a  predicted  average 
in  spite  of  the  cable  designer’s  good  intentions.  Pre¬ 
diction  of  actual  transient  levels  is  an  imperfect  art. 

Vulnerability  and  susceptibility  levels:  The  job  of 

the  avionics  designer  would  be  to  ensure  that  the  vul¬ 
nerability  and  susceptibility  levels  of  the  equipment  to 
be  supplied  would  be  higher  than  the  assigned  tran¬ 
sient  design  level.  The  vulnerability  level  is  that  level 
of  the  transient  which,  if  applied  to  the  input  or  out¬ 
put  circuit  under  question,  would  cause  the  equipment 
to  be  permanently  damaged.  The  susceptibility  level 
is  defined  as  that  level  of  transient  that  would  result 
in  interference  with  or  malfunction  of  the  equipment. 
The  vulnerability  level  by  definition,  then,  would  have 
to  be  at  least  as  high  as  the  susceptibility  level. 

Ways  of  setting  levels:  Some  fundamental  points 
about  the  setting  of  levels  are: 

1.  Levels  must  be  compatible  with  the  existing  state 
of  the  art  of  providing  protection  by  shielding  and 
grounding  of  interconnecting  wiring. 

2.  The  levels  must  be  compatible  with  the  perfor¬ 
mance  of  existing  surge  protective  devices.  The 
minimum  level  of  voltage  to  which  protective  de¬ 
vices  can  clamp  surges  is  frequently  several  times 
the  normal  operating  voltage  of  the  system  being 
protected. 

There  are  several  ways  in  which  the  levels  might 
be  set.  In  the  first,  the  system  integrator  would  set 
the  desired  transient  level,  then  set  the  required  mar¬ 
gin,  which  in  turn  would  set  the  transient  control  level. 
Whatever  the  rationale  by  which  the  system  integrator 
sets  the  transient  design  level,  that  level  would  become 
a  part  of  the  purchase  specifications  and  would,  pre¬ 
sumably,  not  be  subject  to  variation  by  the  vendor  of 
the  avionics. 

As  an  alternative,  the  avionics  designer  might  de¬ 
termine  by  suitable  testing  the  vulnerability  and  sus¬ 
ceptibility  levels  of  his  equipment  and  provide  a  guar¬ 
antee  as  to  the  level  of  transients  that  his  equipment 
could  withstand.  That  level  would  then  be  the  tran¬ 
sient  design  level.  After  the  system  integrator  had  set 


the  desired  safety  margin,  the  appropriate  transient 
control  level  for  the  cable  designer  would  have  been 
established.  One  approach  to  the  setting  of  margins 
appears  in  [16.8]. 

Open  circuit  voltage  and  short  circuit  currant:  The 

magnitude  that  would  be  assigned  to  the  transient  de¬ 
sign  level  probably  should  be  expressed  in  terms  of 
the  maximum  voltage  appropriate  to  a  high  imped¬ 
ance  circuit  (open  circuit  voltage)  or  the  maximum 
current  appropriate  to  a  low  impedance  circuit  (short 
circuit  current). 

Test  levels:  In  order  for  the  TCL  philosophy  to  have 
most  impact,  there  should  be  a  limited  number  of  lev¬ 
els.  One  set  of  levels  that  has  been  proposed  [16.12] 
is  shown  in  Table  16.1.  With  each  level  there  was  as¬ 
sociated  an  open  circuit  voltage  and  a  short  circuit 
current;  the  two  being  related  by  the  transient  source 
impedance  shown  in  Fig.  16.10  [16.12], 

Table  16.1  Possible  Transient  Control  Levels 


Level 

Number 

Open  Circuit 
Voltage  Level 
(volts) 

Short  Circuit 
Current  Level 
(amperes) 

1 

60 

2.2 

2 

ISO 

S.4 

3 

300 

11. 

4 

600 

22 

5 

1500 

54 

6 

3000 

no 

7 

6000 

220 

Source  impedance:  If  impedance  is  not  defined  in 
transient  specifications  there  is  the  risk  of  a  specifi¬ 
cation  being  worded  so  as  to  require  that  a  specified 
voltage  be  developed  regardless  of  the  character  or  im¬ 
pedance  of  the  object  under  test.  A  specification  that 
can  be  taken,  rightly  or  wrongly,  as  requiring  that  a 
test  voltage  of  1000  volts  must  be  developed  across  a 
spark  gap  that  flashes  over  at  500  volts  and  shorts  an 
input  surge  to  ground  is  clearly  deficient.  Likewise,  a 
specification  that  can  be  read  as  requiring  that  a  spec¬ 
ified  current  be  developed,  regardless  of  impedance,  is 
deficient. 

Transient  test  specifications  for  aircraft  and  elec¬ 
tronic  equipment  usually  avoid  such  problems  by  defin¬ 
ing  both  open  circuit  voltage  and  short  circuit  current. 
The  intent  is  that  if  a  circuit  has  a  high  impedance 
it  is  appropriate  to  define  the  voltage  that  should  be 
developed  and  if  the  circuit  is  low  impedance  it  is  ap¬ 
propriate  to  define  the  maximum  surge  current. 

If  only  voltage  is  defined,  and  not  current,  situa¬ 
tions  can  arise  in  which  design  and  test  effort  is  totally 
wasted.  An  example  might  be  for  designers  to  place 
impedance  in  series  with  a  spark  gap  so  that,  by  brute 
force  and  the  flow  of  enormous  current,  a  specified  volt¬ 
age  can  be  developed  across  a  protected  circuit.  Such 
an  effort  would  be  totally  contrary  to  the  purpose  of 
using  a  spark  gap  in  the  first  place. 
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Implementation  of  the  TCL  Philosophy:  The  TCL 

philosophy  is  still  evolving,  but  is  becoming  engrained 
in  transient  design  of  aircraft  work.  FA  A  requirements 
proposed,  though  not  yet  formally  adopted  [16.1],  in¬ 
clude  requirements  for  TCL  testing. 

Levels  appropriate  for  aircraft:  Levels  that  have  been 
suggested  for  aircraft  use  are  shown  in  Tables  16.2  and 
16.3.  Table  16.2  relates  to  tests  using  single  transients 
while  Table  16.3  relates  to  tests  using  bursts  of  tran¬ 
sients. 

Table  16.2 


Suggested  ETOL  Voltage  and  Current  Levels 


Waveforms 

Level 

2 

3 

4 

5 

Vp/Ip 

Vp/Ip 

Vp/Ip 

Vp/Ip 

1 

50/10 

100/4 

50/10 

N/A 

2 

125/25 

250/10 

125/25 

N/A 

3 

300/60 

600/24 

300/60 

300/100 

4 

750/150 

1500/60 

750/150 

750/1000 

5 

1600/320 

3200/128 

1600/320 

1600/3000 
to  20,000 

Vp  is  the  peak  open  circuit  voltage  in  volts. 
Ip  is  the  peak  test  Lrnit  current  in  amperes. 


Waveforms:  The  waveforms  of  voltage  and  current  ac¬ 
tually  coupled  to  the  internal  structure  and  wiring  of 
an  aircraft  are  complex  and  depend  on  both  the  cou¬ 
pling  mechanism  and  the  type  of  circuit.  The  TCL 
philosophy  recognizes,  however,  that  they  can  be  sep¬ 
arated  into  several  distinct  categories  and  that  their 
impedance  depends  on  the  coupling  mechanism.  The 
waveforms  specified  in  FAA  and  evolving  international 
standards  [16.1  and  16.13]  are  shown  in  Fig.  16.12. 

Waveform  1  is  a  double  exponential,  unipolar  cur¬ 
rent  waveform  similar  in  shape  to  the  defined  lightning 
return  stroke  current  (Component  A).  This  waveform 
represents  that  portion  of  the  lightning  current  that 
would  flow  in  internal  conductors,  such  as  cable  shields 
and  condmts.  Within  certain  structures  this  waveform 
will  slow  down  and  take  on  the  appearance  of  current 
Waveform  5,  described  below. 


TabU  16.3 


Suggastad  Multiple  Burst 
Test  Levels 


_ Wava£orm_  3 _  1 

Laval 

Vpaak 

Ipaak 

2 

123 

5 

3 

300 

12 

4 

750 

30 

5 

1600 

64 

Vp  «  Peak  Open  Circuit  Voltage 
Ip  *»  Peak  Short  Circuit  Current 


Waveform  2  is  a  double  exponential  derivative 
voltage  waveform  and  is  the  classic  open  circuit  re¬ 
sponse  to  the  magnetic  field  produced  in  and  around 
the  aircraft  during  a  lightning  flash.  This  waveform  is 
similar  to  the  derivative  of  the  lightning  stroke  current 
(Component  A)  and  has  a  time  to  zero  crossing  equal 
to  the  time  to  peak  of  current  Component  A.  Wave¬ 
form  2  predominates  in  unshielded  circuits  with  high 
impedance  loads  where  magnetic  field  coupling  is  the 
major  contributor. 

Derivative  voltage  waveshapes  can  also  appear  in 
some  shielded  circuits,  but  the  time  to  zero  crossing 
will  be  controlled  by  the  time  to  peak  of  the  shield 
current,  not  the  external  lightning  current.  The  short 
circuit  current  related  to  this  voltage  waveform  will 
be  similar  to  Waveform  1,  or  to  the  waveform  of  the 
related  shield  current. 

Waveform  3  is  a  damped  sinusoidal  voltage  wave¬ 
form  and  is  one  of  the  responses  to  the  lightning  stroke 
currents,  Components  A  and  D.  It  is  the  only  response 
to  the  multiple  burst  current,  Component  H.  The  pre¬ 
dominant  frequencies  are  often  associated  with  the 
natural  resonances  of  the  aircraft,  but  may  also  be 
associated  with  resonances  of  aircraft  apertures,  air¬ 
craft  wiring,  shield  terminations  (pigtails)  or  circuit 
interfaces. 

The  defined  frequencies  for  this  waveform  lie  in 
the  range  of  1  to  50  MHz.  Short  circuit  currents  are 
typically  related  to  this  voltage  waveform  by  the  surge 
impedance  of  the  aircraft  circuit. 

Waveform  4  is  a  double  exponential,  unipolar 
voltage  waveform  and  represents  the  potential  differ- 
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Fig  16.12  Waveshapes  for  aircraft. 


ences  that  can  appear  between  interconnected  equip¬ 
ment  ground  references  when  lightning  current  flows 
through  the  intervening  resistance  of  the  airframe 
structure.  This  waveform  has  the  same  waveshape  as 
the  lightning  stroke  current,  Component  A,  and  pre¬ 
dominates  in  high  resistance  airframe  structures  where 
circuits  use  the  airframe  as  return. 

Waveform  4  is  also  typical  of  voltages  that  ap¬ 
pear  in  shielded  conductors  because  of  current  flow¬ 
ing  through  the  shield  resistance.  The  short  circuit 
current  related  to  this  voltage  waveform  is  Waveform 
1.  However,  as  the  line- to-ground  impedances  of  a 


conductor  and  its  loads  approach  a  short  circuit,  the 
conductor  inductance  and  diffusion  and  redistribution 
currents  tend  to  produce  the  longer  duration  current 
Waveform  f. 

Waveform  5  is  a  long  duration,  double  exponen¬ 
tial,  unipolar  current  waveform  of  the  type  found  on 
most  low  impedance  conductors  within  an  airframe 
and  results  from  the  diffusion  and  redistribution  of 
currents  through  shield  boundaries  formed  by  the  sur¬ 
rounding  airframe  structure,  shields  and  nearby  con¬ 
ductors.  This  waveform  is  particularly  prevalent  when 
the  airframe  is  constructed  primarily  of  carbon  fiber 
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composite  (CFC).  Because  of  their  long  duration,  the 
distribution  of  these  currents  among  the  various  air¬ 
frame  conductors  are  primarily  controlled  by  the  re¬ 
sistance  of  the  conductors,  rather  than  by  their  induc¬ 
tance. 

The  source  impedance  associated  with  Waveform 
5  will  tend  to  approach  the  dc  resistance  of  the  struc¬ 
ture  or  shield  across  which  the  driving  voltage  is  de¬ 
veloped  and  may  be  as  low  as  a  few  milliohms.  Aside 
from  the  high  energy  content,  the  major  concern  in 
airframe  wiring  with  this  current  waveform  is  that  the 
accompanying  voltages  are  sometimes  insufficient  to 
activate  suppression  devices  and  allow  the  current  to 
be  diverted  away  from  paths  where  it  may  cause  dam¬ 
age. 

Waveform  5A  is  typical  of  the  currents  developed 
in  low  impedance  conductors  (<  5  ohms)  such  as 
shields,  power  wires  or  other  circuits  with  suppression 
devices  at  both  ends.  Current  amplitudes  associated 
with  Waveform  5A  will  tend  to  be  low  to  non-existent 
inside  of  an  all  metallic  fuselage,  but  could  be  quite 
high  on  equipment  with  interfaces  subject  to  a  direct 
lightning  strike,  such  as  lights,  antennas,  and  various 
pressure  and  temperature  probes. 

Waveform  5B  occurs  in  much  the  same  manner  as 
Waveform  5A,  but  is  observed  more  often  in  conduc¬ 
tors  within  CFC  structures  because  of  the  higher  cur¬ 
rents  that  result  from  resistive  sharing  with  the  struc¬ 
ture.  Current  amplitudes  associated  with  Waveform 
5B  will  tend  to  be  very  high  in  CFC  structures.  Am¬ 
plitudes  may  be  hundreds  of  amperes  in  smaller  gauge 
conductors,  such  as  power  and  low  impedance  signal 
wires,  and  thousands  of  amperes  in  the  larger  gauge 
conductors,  such  as  shields  and  power  buses. 

Multiple  stroke  waveforms:  Simultation  of  the  ef¬ 
fects  of  the  multiple  stroke  lightning  currents  defined 
in  §5.5.6  involves  applying  one  of  the  internal  airframe 
waveforms  to  the  operating  system  under  test.  Each 
pulse  of  the  multiple  stroke  flash  is  represented  by  the 
(elected  internal  waveform,  which  is  scaled  to  repre¬ 
sent  the  peak  amplitude  induced  by  the  appropriate 
lightning  components  A  and  D/2.  In  some  situations, 
more  than  one  of  the  internal  waveforms  may  be  re¬ 
quired  to  satisfy  the  system  design  requirements  for 
multiple  stroke. 

Multiple  bunt  waveforms:  Practices  regarding  simu¬ 
lation  of  the  effects  of  the  multiple  burst  lightning  cur¬ 
rents  defined  in  §5.5.6  are  still  evolving.  The  trend  is 
toward  using  the  damped  oscillatory  waveform  3,  but 
no  consensus  has  yet  developed  as  to  what  frequencies, 
levels  and  rate  of  application  are  appropriate. 


Categories  of  equipment  for  various  levels:  What 
transient  test  level  is  appropriate  for  various  types  of 
equipment  is  a  task  for  the  system  integrator  to  decide. 
Guidance  is  offered  in  [16.1  and  16.13). 

Level  1  (I):  This  level  would  be  appropriate  for  equip¬ 
ment  and  interconnecting  wiring  installed  entirely  in 
a  well  protected  environment,  such  as  an  avionics  bay 
enclosed  in  an  all-metal  aircraft. 

Level  2  (J):  This  level  would  be  appropriate  where 
the  equipment  and  interconnecting  wiring  are  in  a  par¬ 
tially  protected  environment,  such  as  an  avionics  bay 
enclosed  in  an  aircraft  composed  principally  of  metal. 

Level  3  (K):  This  level  would  be  appropriate  for  equip¬ 
ment  and  interconnecting  wiring  installed  in  a  mod¬ 
erately  exposed  environment,  such  as  the  cockpit  or 
flight  deck  of  an  aircraft  composed  principally  of  metal. 

Levels  4  and  5  (L  and  M):  These  levels  pertain  to 
equipment  and  interconnecting  wiring  in  severe  elec¬ 
tromagnetic  environments,  such  as  aircraft  of  which 
large  portions  are  fabricated  with  composite  material 
and  where  no  special  shielding  measures  have  been 
taken. 

Other  waveforms:  The  TCL  waveforms  discussed  in 
[16.1  and  16.13)  are  not  the  only  ones  currently  called 
for  in  specifications.  Some  of  them  call  for  damped 
sine  waves  as  shown  on  Fig.  16.12,  Waveform  3,  the 
waveforms  being  defined  as 

E  =>  •Eo[«“*’r'^<?)sin(2irf)]  (16-1) 

Frequencies  range  from  1  MHz  to  50  MHz  (or 
more).  Source  impedance  is  generally  specified  as  100 
ohms  resistive. 

These  specifications  call  for  specific  damping  fac¬ 
tors,  such  as  Q  =  6  or  Q  =  24,  damping  factors  not 
necessarily  consistent  with  those  defined  in  FAA  and 
related  documents.  Figs  16.13(a)  and  (b)  show  waves 
with  those  damping  factors. 

16.7  Common  Problems  in  Specifications 

Since  transient  specifications  and  techniques  for 
controlling  transients  are  still  evolving  there  are  situ¬ 
ations  where  specifications  are  poorly  worded  or  im¬ 
properly  applied. 

A  common  error  is  to  call  for  tests  to  be  made  on 
equipment  within  the  aircraft  at  levels  that  are  only 
appropriate  for  equipment  located  on  the  outside  of 
the  aircraft  and  exposed  directly  to  a  lightning  flash. 
Most  commonly  this  situation  arises  through  misappli- 
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cf.tion  of  Test  Method  T05  of  MIL-STD-1 757A[16  .14]. 
The  test  method  is  titled  Indirect  Effects  -  External 
Electrical  Hardware. 

The  test  method  calls  for  current  Component  E  to 
be  applied  in  order  to  check  for  magnetically  induced 
effects,  Component  E  being  defined  in  [16.14]  as  a  “fast 
rate  of  rise  stroke  test  for  full  sized  hardware".  The 
specified  waveform  has  a  peak  amplitude  of  50  kA  and 
a  rate  of  rise  of  at  least  25  kA/ps.  The  test  method 
also  calls  for  application  of  the  high  current  waveforms 
specified  in  test  method  T02  for  evaluation  of  direct 
effects.  Those  are  the  waveforms  that  have  a  peak 


amplitude  of  200  kA  and  are  intended  to  duplicate  the 
effects  of  a  lightning  flash  that  directly  contacts  the 
exterior  of  the  aircraft. 

The  references  to  External  Hardware  and  to  full 
sized  hardware  should  be  emphasized.  Equipment  on 
the  inside  of  an  aircraft  is  not.  exposed  to  such  cur¬ 
rents.  There  is  no  justification  for  performing  such 
tests  on  (for  example)  a  small  metal  box  deep  inside 
the  structure  of  the  aircraft  and  whoso  only  function 
is  to  mount  several  electrical  connectors  and  provide  a 
way  to  distribute  wires  in  several  cables. 
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Chapter  17 


CIRCUIT  DESIGN 


17.1  Introduction 

This  chapter  deals  on  a  circuit  level  with  some 
of  the  factors  involved  in  minimizing  damage  and  up¬ 
set  of  avionic  equipment  and  will  offer,  where  possible, 
examples  of  good  and  bad  practice.  Two  subjects  are 
treated  in  detail;  surge  protective  devices  and  compo¬ 
nent  damage  analysis. 

In  general,  practices  good  for  control  of  lightning 
indirect  effects  and  for  control  of  steady  state  elec¬ 
tromagnetic  interference  (EMI/EMC)  are  similar  and 
what  is  good  for  one  is  good  for  the  other.  There  are 
conflicts,  however,  some  more  apparent  than  real,  and 
it  does  not  necessarily  follow  that  a  design  proven  to 
be  satisfactory  for  control  of  steady  state  EMI,  or  that 
meets  other  standards  for  EMC  will  be  satisfactory  for 
control  of  lightning  indirect  effects. 

17.2  Signal  Transmission 

Most  problems  involving  indirect  effects  originate 
with  the  coupling  of  lightning  energy  into  the  wiring 
of  the  aircraft  with  direct  induction  into  the  cases  of 
LRUs  running  a  far  distant  second.  Proper  choices 
about  signal  transmission  help  eliminate  such  prob¬ 
lems.  Basic  considerations  about  circuit  design  and 
signal  transmission  are  shown  in  Figs.  17.1  -  17.7. 

Aircraft  as  a  signal  raturn:  First,  as  shown  on  Fig. 
17.1,  signal  circuits  should  avoid  the  use  of  the  aircraft 
structure  as  a  return  path.  If  the  structure  is  used  as 
a  return  path,  the  resistively  generated  voltage  rises 
will  be  included  in  the  path  between  transmitting  and 
receiving  devices. 


Fig.  17.1  Structural  IR  voltage. 

Power  circuits  frequently  use  the  airframe  as  a  re¬ 
turn  path.  With  metal  aircraft ,  experience  has  shown 
this  to  be  generally  satisfactory,  but  provisions  should 


still  be  taken  to  ensure  that  lightning  induced  voltages 
on  the  power  circuits  are  controlled  within  acceptable 
limits,  possibly  with  the  aid  of  voltage  limiting  devices, 
as  discussed  in  §17.4. 

On  aircraft  fabricated  with  poorly  conducting 
composite  materials,  power  return  through  the  sir- 
frame  should  be  avoided.  A  separate  return  wire 
should  be  used. 


Single  ended  transmission:  If  single  ended  transmis¬ 
sion  over  a  shielded  wire  is  used,  with  the  shield  used 
as  a  return  path,  Fig.  17.2,  any  noise  current  flow¬ 
ing  in  the  shield  will  produce  a  voltage  that  adds  to 
the  signal  voltage.  Having  the  shield  grounded  at  each 
end  allows  noise  currents  to  flow  and  it  is  for  this  rea¬ 
son  that  wire  shields  are  often  grounded  at  only  one 
end.  Lightning  current  in  the  structure  of  the  aircraft 
would  be  one  source  of  noise  current  and  could  result 
in  large  voltages  being  coupled  into  the  signal  circuit 
in  the  event  of  a  lightning  flash. 


Fig.  17.2  Single  ended  transmission. 

(a)  Generation  of  error  voltage 

(b)  Generation  of  common  mode  voltage 

Grounding  the  shield  at  only  one  end,  however, 
does  not  solve  all  the  lightning  problems  because 
excessive  voltnge  can  still  appear  between  the  un¬ 
grounded  end  of  the  shield  and  the  adjacent  ground 
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system.  Grounding  at  both  ends  removes  the  volt¬ 
ages  to  ground,  but  allows  noise  currents  to  flow  in  the 
shield  and  allows  circuit  voltages  to  develop.  Which 
represents  the  greater  hazard,  common  mode  voltages 
or  circuit  voltages,  depends  on  the  circumstances  of 
individual  cases. 

Two  ways  to  resolve  the  dilemma  are  shown  in 
Fig.  17.3.  One  way  is  to  limit  the  voltage  on  the  un¬ 
grounded  end  with  a  surge  protective  device,  leaving 
the  shield,  in  effect  grounded  at  only  one  end  for  nor¬ 
mal  operation  and  grounded  at  both  ends  when  light¬ 
ning  current  flows.  This  does  subject  the  circuit  to 
temporary  error  voltages  when  lightning  current  flows, 
but  the  risk  of  permanent  damage  from  high  common 
mode  voltages  is  reduced. 


Fig.  17.3  Elimination  of  common  mode  voltage. 

(a)  Surge  suppression  device 

(b)  Overall  shield 


A  better  method  of  minimizing  error  voltages  is  to 
cover  the  signal  shield  with  an  overall  shield  grounded 
at  each  end.  This  minimizes  both  circuit  and  common 
mode  voltages.  It  also  separates  the  functions  of  pro¬ 
viding  for  lightning  protection  and  providing  for  noise 
free  transmission  under  normal  circumrtances.  The 
overall  shield  must,  of  course,  be  grounded  at  both 
ends. 

Twisted  pairs:  Signal  transmission  over  a  twisted-pair 
circuit  with  signal  grounds  isolated  from  the  aircraft 
structure,  Fig.  17.4,  tends  to  couple  lower  voltages 
because  the  resistive  rise  in  the  shield  is  not  in  the  sig¬ 
nal  path.  It  must  not  be  forgotten,  however,  that  the 
use  of  twisted-pair  transmission  lines  does  not  elim¬ 
inate  the  common-mode  voltage  to  which  electronic 
systems  may  be  subjected.  That  voltage  is  minimised 
only  by  grounding  the  shield  at  both  ends. 

Differential  transmission  and  reception:  Differential 
transmission  and  reception  devices,  used  along  with 


twisted  pair  wires,  as  shown  in  Fig.  17.5,  allow  the 
shield  to  be  grounded  at  both  ends  since  residual  noise 
voltages  produced  by  current  in  the  shield  is  rejected. 

Junctions  with  semiconductors:  In  general  it  is 

preferable  that  wiring  interconnecting  two  different 
pieces  of  electronic  equipment  not  interface  directly 
with  the  junctions  of  semiconductors,  as  shown  in  Figs. 
17.6(a). 


I 


Fig.  17.4  Twisted  pair  transmission. 


Fig.  17.5  Differential  transmission  and  reception. 


Tig.  17.6  Connection  to  semiconductor  junctions. 

(a)  Direct  connection  •  bad 

(b)  Current  limiting  resistor  •  good 
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Resistance  in  series  with  semiconductors:  Where 
possible,  resistors  should  be  used  to  limit  the  surge 
current  into  semiconductor  junctions  from  input  and 
output  wires.  Even  modest  amounts  of  resistance  con¬ 
nected  between  the  junctions  and  the  interfacing  wires, 
shown  in  Fig.  17.6(b),  can  greatly  improve  the  ability 
of  semiconductors  to  resist  the  transient  voltages  and 
currents.  Section  17.5  on  component  damage  mech¬ 
anisms  gives  examples  of  the  degree  of  improvement 
that  may  be  obtained  through  the  use  of  series  resis¬ 
tors.  Resistors  should  be  as  large  physically  as  possi¬ 
ble.  Half-watt  resistors  are  better  than  quarter-watt. 

Transmission  through  balanced  transmission  lines 
and  transformers,  coupled  with  input  protection  for 
semiconductors,  probably  provides  the  greatest  amount 
of  protection  against  the  transients  induced  on  control 
wiring. 

DC  coupling:  Where  possible,  coupling  that  can  pass 
dc  should  be  avoided.  AC  transmission  through  iso¬ 
lation  transformers  offers  one  means  of  avoiding  dc 
coupling  paths  and  '  olation  via  optical  isolators  is 
another.  Optical  isolation  is  particularly  appropriate 
for  digital  circuits,  but  optically  isolated  operational 
amplifiers  are  available  where  analog  signals  must  be 
transmitted. 

DC  coupling  paths  in  power  supply  circuits  can 
employ  DC-DC  converters  using  an  intermediate  iso¬ 
lation  transformer. 

Fiber  optic  transmission:  Fiber  optic  transmission 
lines  do  not  intercept  lightning  induced  voltages  or  cur¬ 
rents,  but  transmitting  and  receiving  equipment  at  the 
ends  could  be  susceptible  to  interference  or  damage. 

17.3  Circuit  Bandwidth 

One  of  the  most  important  considerations  in 
the  control  of  lightning- related  interference  through 
proper  circuit  design  lies  in  the  fundamental  observa¬ 
tion  that  a  device  with  a  broad  bandwidth  can  inter¬ 
cept  mote  noise  energy  than  can  a  narrow  bandwidth 
device.  Some  of  the  considerations  that  derive  from 
this  observation  are  shown  in  Fig.  17.7.  The  noise 
produced  by  lightning  has  a  broad  frequency  spectrum. 
Considering  for  the  moment  only  the  spectrum  of  the 
lightning  current,  the  observation  is  frequently  made 
that  most  of  the  energy  associated  with  the  lightning 
current  is  contained  in  the  low-frequency  region,  below 
10  or  20  kHz. 

Before  any  sense  of  security  is  derived  from  that 
observation,  it  should  be  remembered  that  equipment 
is  damaged  or  caused  to  malfunction  in  accordance 
with  the  total  amount  of  energy  intercepted.  In  a 
lightning  flash  there  may  be  plenty  of  energy  left  in 


the  megahertz  and  multimegahertz  region  to  cause  in¬ 
terference.  The  energy  that  is  available  for  damage 
or  interference  may  well  be  concentrated  in  certain 
frequency  bands  by  the  characteristic  response  of  the 
aircraft  or  the  wiring  within  the  aircraft. 


(*)  *  (d) 


Fig.  17.7  FYequency  considerations. 


Without  reference  to  any  specific  frequency  re¬ 
gions,  however,  the  energy  spectrum  of  the  lightning 
generated  interference  on  electrical  wiring  within  an 
aircraft  will  still  be  a  broad  spectrum.  A  receptor 
with  a  broad  pass  band,  shown  in  Fig.  17.7(a),  will 
inherently  collect  more  energy  than  will  a  receptor 
with  narrow  pass  band,  shown  in  Fig.  17.7(b).  The 
narrower  the  pass  band,  the  better.  In  this  respect 
analog  circuits  have  an  inherent  advantage  over  dig¬ 
ital  circuits,  since  a  narrow-pass  band  digital  circuit 
is  almost  a  contradiction  in  terms.  If  possible,  circuits 
should  not  have  a  pass  band  that  includes  dc,  shown  in 
Fig-  17.7(c),  because,  when  dc  is  excluded,  the  circuits 
will  inherently  be  able  to  reject  more  of  the  energy  as¬ 
sociated  with  the  flow  of  current  through  resistance  of 
the  structure. 

Typical  oscillatory  frsqutnciss:  The  studies  of  types 
of  interference  produced  in  aircraft  by  the  flow  of  light¬ 
ning  current  have  shown  that  the  lightning  energy  ex¬ 
cites  oscillatory  frequencies  on  aircraft  wiring,  partic¬ 
ularly  if  the  wiring  is  based  on  a  single-point  ground 
concept.  Those  characteristic  frequencies  have  tended 
to  be  in  the  range  of  several  hundred  kilohc*  *-  to  a 
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few  megahertz.  If  at  all  possible,  the  pass  bands  of 
electronic  equipment  should  not  include  these  frequen¬ 
cies,  as  does  the  hypothetical  pass  band  shown  on  Fig. 
17.7(d).  Higher  or  lower  pass  bands  would  inherently 
be  better  than  the  one  shown.  As  an  extreme  example, 
shown  in  Fig.  17.7(e),  fiber  optic  signal  transmission 
operating  in  the  infrared  region  avoids  the  frequency 
spectrum  associated  with  lightning-generated  interfer¬ 
ence  almost  completely. 

17.4  Protective  Devices 

Circuit  protective  devices  can  sometimes  be  used 
to  limit  the  amount  of  electrical  energy  that  a  wire 
can  couple  into  a  piece  of  electronic  equipment.  While 
one  can  seldom  eliminate  interference  through  the  use 
of  the  circuit  protective  devices,  circuit  protective  de¬ 
vices  judiciously  used  can  virtually  eliminate  physical 
damage  to  electronic  devices.  Judicious  use  usually 
means  that  protective  devices  must  be  incorporated 
into  a  piece  of  equipment  at  the  time  it  is  built,  not 
added  after  trouble  has  been  experienced. 


Spark  gaps  and  other  switching  devices  do  not 
control  surges  by  absorbing  the  energy  of  the  surge. 
Primarily  they  operate  by  reflecting  surge  energy  back 
towards  its  source,  where  it  may  be  dissipated  in  the 
resistance  of  the  conductors. 

Non-linear  devices:  Non-linear  devices  have  V-J 
characteristics  as  shown  in  Fig.  17.8(b).  They  conduct 
very  little  current  at  low  voltage  levels,  but  once  con¬ 
duction  begins,  the  voltage  across  the  device  remains 
fairly  constant.  Examples  include  Zener  type  surge 
suppression  diodes  and  metal  oxide  varistors,  MOV’s. 
Because  the  voltage  does  not  collapse  to  zero,  energy 
is  released  in  the  device  and  the  rating  of  the  device 
will  be  governed  by  the  amount  of  energy,  the  ther¬ 
mal  mass  and  the  allowable  temperature  rise  of  the 
device.  Non-linear  devices  control  surges  partly  by 
turning  electrical  energy  into  heat  and  partly  by  re¬ 
flecting  it  back  towards  its  source. 

For  a  given  surge-power  handling  capability,  a 
spark  gap  will  thus  be  smaller  physically  than  a  surge 
suppression  diode  or  varistor  device. 


Basic  types  of  protector:  There  are  two  basic  types 
of  overvoltage  or  transient  protection  device;  switching 
devices  and  non-linear  devices,  having  V-J  character¬ 
istics  as  indicated  on  Fig.  17.8. 


Fig.  17.8  V-J  characteristics  of  protective  devices. 

(a)  Switching  device 

(b)  Non-linear  resistor 

Switching  dsvicos:  Switching  devices,  Fig,  17.8(a), 
conduct  essentially  no  current  until  the  voltage  across 
them  reaches  a  critical  value,  at  which  time  the  volt¬ 
age  collapses  to  nearly  zero  and  current  is  controlled 
by  the  external  circuit.  Examples  are  spark  gaps  and 
controlled  rectifiers. 

The  instantaneous  power  dissipated  in  a  transient 
protective  device  is  the  product  of  the  surge  current 
flowing  through  the  device  and  the  voltage  across  the 
device.  Thus,  even  though  the  surge  current  through 
a  conducting  spark  gap  may  be  high,  the  power  dissi¬ 
pated  in  the  gap  will  be  small. 


Recovery  characteristics:  Another  fundamental  dif¬ 
ference  between  switching  devices  (spark  gaps)  and 
non-switching  devices  (surge  suppression  diodes  or 
varistors)  relates  to  their  recovery  characteristics  af¬ 
ter  the  surge  has  passed.  If  a  line  is  protected  by  a 
spark  gap  and  if  that  line  is  connected  t  ■>  a  source  of 
energy  (a  power  bus.  for  example),  that  energy  source 
must  be  disconnected  from  the  line  before  the  spark 
gap  can  switch  back  from  its  low-impedance  conduct¬ 
ing  state  to  its  high-impedance  nonconducting  stare. 
Generally  this  requires  opening  a  circuit  breaker  on  the 
line.  A  surge  suppression  diode  or  varistor  effectively 
ceases  to  conduct  as  soon  as  the  voltage  returns  to  itb 
normal  value.  Operation  of  remote  circuit  breakers  is 
not  required. 

Circuit  interrupters:  There  are  also  devices  which, 
on  sensing  an  overvoltage,  interrupt  the  power  flow  to 
the  load.  If  this  interruption  is  accomplished  by  elec¬ 
tromechanical  means,  they  should  not  be  considered 
transient  protection  devices  because  they  are  inher¬ 
ently  slow  to  respond.  None  of  them  will  be  discussed 
in  this  section. 

Reflection  of  energy:  All  types  of  overvoltage  protec¬ 
tion  devices  inherently  operate  by  reflecting  a  portion 
of  the  surge  energy  to  its  source  and  by  diverting  the 
rest  into  another  path,  all  with  the  intention  of  dis¬ 
sipating  the  surge  energy  into  the  resistance  of  the 
ground  and  interconnecting  leads.  The  alternative  to 
reflecting  the  energy  is  to  absorb  the  surge  energy  in 
an  unprotected  load.  Reflection  and  diversion  of  the 
Burge  energy  are  not  without  their  hazards: 
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1.  The  reflected  energy  ctn  possibly  appear  on  other  by  gbps  using  carbon  electrodes.  Outline  sketches  of 
unprotected  circuits.  spark  gaps  are  shown  in  Fig.  17.9. 


2.  Multiple  reflections  may  cause  the  transient  to 
last  longer  than  it  would  otherwise, 

3.  The  spectral  density  of  the  energy  in  the  surge 
may  be  changed,  either  high  or  low  frequencies 
being  enhanced.  Interference  problems  on  other 
circuits  may  well  be  increased  even  though  the 
risk  of  damage  to  the  protected  circuit  is  reduced. 

Locations  for  protective  devices:  Most  commonly  the 
appropriate  type  of  transient  protective  device  to  be 
used  depends  on  the  amount  of  surge  energy  to  be 
dealt  with.  Generally,  this  energy  decreases  the  further 
away  one  get3  from  the  stroke.  The  surge  energy  to 
be  expected  can  also  be  related  crudely  to  the  normal 
operating  power  of  the  circuit  involved.  One  would 
normally  expect  lower  surge  levels  on  low-voltage  sig¬ 
nal  circuits  than  on  medium-power  control  circuits, 
and  even  lower  levels  than  those  on  main  power  distri¬ 
bution  buses.  Thus,  one  might  logically  use  surge  sup¬ 
pression  diodes  on  individual  circuit  boards,  varistors 
on  terminal  boards,  and  spark  gaps  on  leads  running 
to  prime  entry  and  exit  points. 

Circuit  protective  devices  that  are  suitable  for  air¬ 
craft  applications  and  are  commercially  available  in¬ 
clude  gas-filled  spark  gaps,  specially  fabricated  Zener 
diodes,  and  varistors.  Each  type  has  both  advantages 
and  disadvantages. 

17.4.1  Spark  Gaps 

Incidental  spark  gaps:  Sometimes  spark  gaps  are  inci¬ 
dental  to  the  construction  of  some  other  device,  termi¬ 
nal  boards  and  connectors  being  examples.  Whenever 
the  voltage  on  the  terminals  becomes  sufficiently  high 
there  will  be  a  spark  across  or  through  the  dielectric 
and  the  voltage  on  connected  devices  will  be  limited. 
Generally  such  sparkover  is  unplanned  and  undesir¬ 
able,  particularly  if  it  causes  puncture  and  permanent 
failure  of  solid  dielectric,  but  the  existence  of  such  in¬ 
cidental  spark  gaps  should  be  recognized.  Sparkover 
across  the  surface  of  a  dielectric  might  be  allowable 
and  sometimes  can  be  made  to  provide  perfectly  ac¬ 
ceptable  surge  protection  at  minimal  extra  cost. 

Intentional  spark  gaps:  Usually,  though,  spark  gaps 
are  composed  of  two  metal  electrodes  separated  by 
a  dielectric,  held  ef.  a  fixed  distance  from  each  other 
and  sealed  in  a  container.  Electrodes  may  be  spheri¬ 
cal,  but  in  sophisticated  devices  they  are  not.  Not  all 
spark  gaps  use  metal  eleertodes  and  not  all  are  sealed. 
Telephone  circuits,  for  example,  are  often  protected 


Electron  avalanche:  Conduction  through  a  spark  gap 
occurs  because  of  an  electron  avalanche  process,  as  dis¬ 
cussed  in  Chapter  1.  Dielectric  composition,  gas  den¬ 
sity  and  electrode  geometry  all  affect  sparkover  volt¬ 
age  and  the  speed  with  which  the  avalanche  develops. 
Sparkover  voltage  depends  on  the  waveshape  of  volt¬ 
age;  a  surge  voltage  with  a  fast  rate  of  change  will 
cause  sparkover  at  a  higher  voltage  than  would  a  more 
slowly  rising  wave.  A  low  pressure  gap  (low  gas  density 
more  exactly)  will  sparkover  at  a  lower  voltage  than 
will  a  similar  high  pressure  gap,  but  the  avalanche  will 
develop  more  slowly,  and  the  dependence  of  sparkover 
voltage  on  waveshape  will  be  greater. 

The  dependence  of  sparkover  voltage  on  rate  of 
change  of  voltage  partly  relates  to  how  long  it  takes, 
on  average,  for  a  free  electron  to  appear  and  start 
the  avalanche  process.  Commercially  available  spark 
gaps  frequently  contain  minute  amounts  of  tritium  or 
other  radioactive  elements  to  reduce  the  dependence 
of  sparkover  voltage  on  voltage  waveshape. 


Sparkover  voltage:  Impulse  sparkover  voltages  for 
gaps  with  metal  electrodes  operating  in  air  at  stan¬ 
dard  atmospheric  pressure  will  seldom  be  less  than  1  - 
2  kV,  even  with  very  small  spacing  between  the  elec¬ 
trodes  For  commercial  spark  gaps,  curves,  such  as 
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Fig.  17.10,  ars  generally  supplied  to  relate  sparkover 
”oltage  to  rate  of  change  of  voltage.  Catalog  specifi¬ 
cation  shcefi  generally  cite  the  sparkover  voltage  for 
very  slowly  changing  voltages,  Rated  sparkover  volt¬ 
ages  foi-  small  gaps  range  upwards  from  a  minimum  of 
about  100  volts.  Sparkover  voltages  for  rapidly  chang¬ 
ing  voltages  may  be  substantially  higher. 

Normally,  one  should  not  consider  spark  gaps  as 
the  ‘primary  means  for  control  of  surges  unless  the 
equipment  to  be  protected  can  withstand  several  hun¬ 
dreds  o*  volts. 


Recovery:  Once  a  gap  has  sparked  over,  the  current 
in  the  gap  will  be  governed  by  the  impedance  of  the 
circuit  and  the  normal  operating  voltage.  Current  wil? 
continue  to  flow  as  long  as  the  circuit  is  energized  at  a 
voitage  greater  than  a  f?w  tens  of  volts.  Gaps  used  for 
industrial  matainery  and  commercial  power  systems 
can  be  made  self-extinguishing  for  applied  voltages  up 
to  about  100  V  by  using  magnetic  field'  :o  bkiw  and 
cool  the  arc,  but  thsy  are  not  applicable  for  aircraft 
use. 

Current  rating:  Small  spark  gaps  generally  can  carry 
peak  currents  of  several  thousand  amperes  for  bulges 


lasting  a  few  tens  of  microseconds  and  several  hun¬ 
dreds  of  amperes  fet  surges  lasting  a  few  milliseconds. 
Catalog  sheets  do  not  always  clearly  state  the  dura¬ 
tion  of  surge  current  for  which  the  specified  peak  cur¬ 
rent  applies,  but  for  aircraft  protection  the  matter  is 
of  little  importance  sine-,  amost  any  gap  can  carry  all 
the  surge  current  likely  to  appear  on  internal  aircraft 
wiring.  ,  J  • 

Spark  gaps  intended  primarily,  for  telephone  cir¬ 
cuits  may  bo  called  upon  to  carry  power  system  cur¬ 
rent  for  some  period  of  time  if  the  wires  have  come 
into  contact  with  power  lines.  The  allowable  current, 
and  its  duration,  are  commonly  ^specified  by  a  curve, 
of  which  Fig.  17.11  is  an  example.  Some  gap  assem¬ 
blies  are  provided  with  thermal  links  which  cause  the 
circuit  to  be  permanent!}’  shorted  if  current  flows  for 
an  excessively  long  time.  Such  thermal  links  are  not 
likely  to  be  of  value  in  aircraft  applications. 


Fig.  17  11  Allowable  ampere-time  curve 
krs  spark  gap. 

R«s:dual  voltages:  Until  such  time  as  a  spark  gap 
ionizes,  it  has  no  effect  on  circuit  voltage.  Some  resid¬ 
ual  surge  voltage,  Fig.  17.12,  may  be  passed  onto  the 
rest  of  the  circuit.  Should  this  residual  surge  voltage 
be  a  problem  it  can  often  be  suppressed  with  metal 
oxide  or  zener  diode  devices. 


Sometimes  spark  gaps  are  applied  to  a  pair  of  con¬ 
ductors.  ar  in  Fig.  17.13(a).  Ideally,  in  response  to  a 
common  mode  surge,  the  two  spark  gaps  should  ionize 
a*  the  same  time.  If  separate  spark  gaps  are  used,  one 
of  them  may  ionize  before  the  other,  resulting  in  a  high 
voltage  between  the  conductors,  as  in  Fig.  17.13(b). 
Tc  minimize  this  problem,  three-electrode  spark  gaps 
are  available.  Sparkover  of  one  half  results  in  ioniza- 
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t!on  that  spreads  into  the  other  htdf,  simultaneously 
shorting  the  two  conductors  together  and  to  ground. 


Fig.  17.13  Spark  gaps  on  a  conductor  pair. 

(a)  Two  separate  gaps  give  high 


common  mode  voltage 
(b)  Three  terminal  gap 

Application  considerations:  Spark  gaps,  and  any 
other  voltage  limiting  device  for  that  matter,  must  be 
rated  to  withstand  the  normal  maximum  voltage  ex¬ 
pected  on  the  circuit  being  protected.  Provision  must 
also  be  made  to  de-energize  the  circuit  and  allow  them 
to  regain  their  insulating  properties.  On  power  cir¬ 
cuits.  this  is  most  commonly  done  with  fuses  that  are 
blown  or  circuit  breakers  that  are  tripped  by  the  sys¬ 
tem  current  that  flows  once  the  gap  has  been  caused 
to  spark. 

For  protection  of  semiconductors  and  electronic 
circuit  boards,  spark  gaps  may  not  be  the  most  ef¬ 
fective  type  of  protective  device.  In  particular,  it  is 
not  advisable  to  place  them  directly  on  circuit  boards 
in  close  proximity  to  sensitive  semiconductors  since 
they  spark  over  at  relatively  high  voltages  and  upon 
sparkover  may  be  called  upon  to  carry  high  currents. 
The  further  these  high  currrents  can  be  kept  away  from 
the  sensitive  equipment  the  better. 

Spark  gaps  might  best  bt  considered  as  the  first 
line  of  defense  against  high  energy  surges,  placed  well 
away  from  the  most  sensitive  equipment,  and  used 
in  conjunction  with  devices  that  have  lower  voltage 
clamping  levels,  but  less  ability  to  carry  high  surge 
currents. 

Failure  mode:  Most  commonly,  failure  of  a  spark  gap, 
either  because  of  excessive  surge  current  or  because 
of  excessive  power  system  current  following  sparkover, 
will  either  shatter  the  case  or  bum  away  the  connecting 
leads,  causing  the  gap  to  fail  open  circuit. 

Advantages  of  spark  gaps: 

1.  Simple  and  reliable. 

2.  Low  voltage  drop  during  the  conducting  state, 
typically  10  to  20  V. 


3.  Large  power-handling  capability.  Gas-filled  gaps 
have  the  highest  peak  current  handling  capabili¬ 
ties  of  any  transient  protection  device,  and  almost 
any  gap  can  handle  the  maximum  surge  currents 
induced  by  lightning. 

4.  High  impedance  and  low  capacitance.  The  low 
shunt  capacitance  and  leakage  current  character¬ 
istics  of  gas-filled  spark  gaps  minimize  insertion 
problems  for  operating  frequencies  below  1  GHz. 

5.  Bilateral  operation,  having  the  same  characteris¬ 
tics  on  either  polarity. 

Disadvantages: 

1.  Relatively  high  sparkover  voltage. 

2.  Power  system  follow  current  must  be  extinguished 
by  removing  the  voltage  (circuit  breaker  of  fuse) 
or  by  inserting  resistance  rapidly  into  the  circuit 
by  an  additional  element,  such  as  a  zinc  oxide 
varistor. 

3.  May  have  a  large  dependence  of  sparkover  voltage 
on  the  waveshape  of  the  voltage. 

4.  Reflect  more  energy  than  they  absorb. 

5.  Rapid  change  of  voltage  on  sparkover  may  excite 
circuit  ringing. 

17.4.2  Non-Linear  Resistors 

Non-linear  resistors,  or  varistors,  may  be  charac¬ 
terized  by  the  expression 

I  =  KVn  (17.1) 

where  N  and  K  are  device  constants  dependent  on  the 
varistor  material. 

Varistors  may  be  constructed  of  silicon  carbide, 
selenium,  or  metal  oxide,  usually  zinc  oxide.  This  sec¬ 
tion  will  concentrate  on  metal  oxide  varistors,  MOVs, 
(17.1]  since  in  recent  years  they  have  almost  completely 
supplanted  the  other  materials.  Zener  diode  type  pro¬ 
tectors  can  be  considered  as  another  of  the  non-  linear 
resistors  since  their  volt-ampere  characteristics  also 
follow  Eq.  17.1,  but  since  their  fabrication  is  much 
different  from  MOVs,  they  will  be  treated  separately 
in  §17.4.3. 

Formulation:  Metal  oxide  varistors  are  formed  from 
zinc  oxide  grains,  Fig.  17.14,  which,  when  pressed 
together  and  sintered  into  ceramic  parts,  act  as  though 
there  were  non-linear  semiconductor  junctions  at  the 


grain  boundaries.  The  volt-ampere  characteristics  of  a 
finished  part  depends  on  the  size  of  the  grains  and  the 
number  in  series,  which  for  a  given  formulation  of  the 
bulk  material,  implies  that  the  voltage  clamping  level 
becomes  directly  proportional  to  the  thickness  of  the 
finished  part.  Current  handling  capability  depends  on 
how  many  grains  are  in  oarallel.  or  for  a  finished  part, 
on  its  area.  The  volt-ampere  characteristic  of  MOVs 
thus  derive  from  a  bulk  effect,  which  accounts  for  their 
large  power  handling  capability. 


A  CURRENT 


Fig.  17.14  Intergranular  structure  of  MOV  [17.1]. 
d  is  the  average  grain  size. 


Volt-ampere  characteristic:  The  volt-ampere  char¬ 
acteristic  of  a  typical  MOV  device  is  shown  in  Fig. 
17.15  and  an  equivalent  circuit  in  Fig.  17.16.  The  V-I 
characteristic  has  three  regions:  very  low  current  levels 
where  capacitance  C  and  leakage  resistance  R„ ff  dom¬ 
inate,  very  high  current  regions  where  bulk  resistance 
Ron  becomes  important  and  the  intermediate  region  of 
normal  operation. 

Leakage  region:  At  low  current  levels  the  leakage  re¬ 
sistance  is  high  enough,  on  the  order  of  10s  ohms,  that 
leakage  current  is  often  insignificant  for  circuits  ener¬ 
gized  with  dc.  Leakage  resistance  is  strongly  depen¬ 
dent  on  temperature,  as  shown  in  Fig.  17.17.  For 
high  voltage  applications  where  MOV  materials  are  en¬ 
closed  in  porcelain  shells  and  exposed  to  intense  solar 
heating,  leakage  resistance  may  result  in  enough  ad¬ 
ditional  heat  and  temperature  rise  to  lead  to  thermal 
runaway,  but  such  problems  are  not  likely  in  aircraft 
applications. 

For  circuits  energized  with  ac,  the  effects  of  leak¬ 
age  resistance  are  overshadowed  by  the  effects  of  paral¬ 
lel  capacitance.  Capacitance  of  MOV  devices  is  fairly 
high,  on  the  order  of  1  -  -10  nF  for  typical  devices, 
nearly  constant  with  frequency  up  to  100  kHz  and  lit¬ 
tle  affected  by  temperature.  Capacitance  is  not  usually 
a  problem  for  circuits  operating  at  power  frequencies 
and  may  even  be  valuable  in  that  it  helps  shunt  high 
frequency  noise  currents  to  ground.  Its  effects  must  be 
considered  on  circuits  operating  at  high  frequencies  or 
reacting  to  rapidly  changing  pulses. 


Fig.  17.15  V-I  characteristic  of  MOV  [17.1]. 
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Fig.  17.16  Equivalent  circuit  of  MOV  [17.1] 


Fig.  17.17  Leakage  current  vs.  temperature  [17.1]. 


The  capacitance  of  any  particular  MOV  device 
may  be  measured  with  conventional  bridges,  providing 
only  that  the  bridge  voltage  is  not  high  enough  to  cause 
non-linear  conduction. 

Normal  variator  region:  In  this  region  current  is  dom¬ 
inated  by  the  non-linear  resistor  Rt  having  the  char¬ 
acteristic 

/=A'V°  (17.2) 

The  exponent  a  is  on  the  order  of  20  -  50,  implying 
that  changing  current  by  four  orders  of  magnitude  will 
result  in  a  25%  change  (or  less)  of  voltage. 

Upturn  region:  At  high  current  levels,  several  hun¬ 
dreds  to  several  thousands  of  amperes,  bulk  resis¬ 
tance  becomes  important  and  limits  the  varistor  per¬ 
formance.  Operation  in  this  region  should  be  avoided, 
either  by  limiting  the  surge  current  with  series  resis¬ 


tance,  by  using  larger  MOV  packages  or  by  operating 
MOV  devices  in  parallel. 

Waveshape  dependence:  Varistor  performance  is 
best  discussed  by  treating  surge  current  as  the  inde¬ 
pendent  variable.  Varistors  are  sometimes  denigrated 
as  having  poor  pulse  response,  or  being  subject  to 
overshoot;  that  is,  having  excessive  clamping  voltage 
in  response  to  rapidly  changing  surge  currents.  If  a 
half-sinusoidal  pulse  of  current,  Fig.  17.18,  is  passed 
through  a  varistor,  the  voltage  developed  will  be  prac¬ 
tically  rectangular.  A  faster  rising  sinusoidal  pulse  will 
also  produce  a  rectangular  pulse  voltage,  but  one  of 
somewhat  higher  magnitude.  The  difference  in  volt¬ 
age  for  slowly  rising  current  pulses,  >  10  ps,  and  for 
rapidly  rising  rising  pulses,  «  0.5  ps,  is  seldom  more 
than  10  -  20%.  It  is  most  noticable  for  large  disks  of 
MOV  material  than  for  small  disks. 


Fig.  17.18  Time  dependence  of  MOV. 

(a)  Slowly  changing  current 

(b)  Rapidly  changing  current 

Adapted  from  [17.3] 

Studies  of  large  MOV  disks,  such  as  are  used  in 
power  transmission  systems  [17.2,  17.3],  have  shown 
the  overshoot  to  be  largely  a  matter  of  diffusion  of 
current  into  the  varistor  material.  Studies  of  small 
disks,  such  as  those  used  for  protection  of  low  voltage 
equipment  [17.1]  have  shown  the  time  dependence  of 
voltage  to  be  only  a  few  tens  of  percent,  even  for  surge 
currents  having  fronts  of  a  few  nanoseconds. 

The  fact  that  surge  currents  of  moderate  steep¬ 
ness  result  in  rapidly  changing  MOV  voltages  should 
be  recognized  in  circuit  design.  Circuit  oscillations  re¬ 
sulting  from  the  rapid  change  in  voltage  may  give  rise 
to  unexpected  interference  problems. 
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Lead  affect*:  Most  instances  of  alleged  overshoot  of 
MOV  protectors  axe  usually  due  to  lead  inductance 
effects  and  are  not  really  intrinsic  to  the  varistor  ma¬ 
terial.  When  applying  MOVs,  or  any  other  surge  pro¬ 
tective  device,  care  should  be  taken  to  keep  short  any 
leads  through  which  high  or  rapidly  changing  currents 
might  flow.  Voltage  developed  across  the  inductance 
of  such  leads  adds  to  the  voltage  developed  across  the 
varistor  material.  As  an  example,  Fig.  17.19  shows 
two  installations  of  MOV  devices  such  as  might  be 
used  on  a  115  VAC  power  circuit,  one  using  the  min¬ 
imum  practical  lead  length  and  one  with  leads  about 
15  cm  (6  in)  long,  along  with  the  voltages  developed 
by  half  sinusoidal  current  waves.  For  a  current  wave 
with  a  10  ft s  front  time  the  voltage  is  about  the  same 
with  the  two  lead  lengths,  but  for  a  current  with  a  0.5 
lis  front  the  voltage  was  nearly  double  with  the  longer 
leads. 

Excessive  lead  length  is  a  problem  irrespective  of 
the  type  of  protector.  Leads  should  always  be  kept  as 
short  as  possible  and,  wherever  practical,  surge  ar¬ 
resters  should  be  treated  as  three  terminal  devices. 
Fig.  17.20  shows  examples  of  good  and  bad  practice. 


(a)  Minimal  loop  area 


Rating  of  MOVt:  The  several  factors  that  are  involved 
in  the  r.ating  of  a  MOV  device  will  be  illustrated  us¬ 
ing  as  an  example  the  General  Electric  V130LA  series 
device,  characteristics  of  which  are  shown  in  Tables 
17.1  and  17.2  [17.1].  Similar  devices  are  available  from 
other  vendors  and  the  illustration  should  not  be  taken 
an  endorsement  of  any  particular  brand  of  device.  Ap¬ 
plication  of  MOVs  should  be  based  on  manufacturers 
catalog  data. 

Device  cize:  The  most  common  packaging  configura¬ 
tion  for  MOV  devices  is  a  disk  with  wire  leads.  The 
column  listing  the  device  size  refers  to  the  diameter  of 
the  disk.  Thickness  depends  on  the  voltage  rating  of 
the  device  and  will  be  given  in  outline  drawings,  but 
not  in  tables  of  specifications.  Larger  diameter  disks 
have  greater  current  carrying  capability  than  smaller 
disks. 


Fig.  17.19  Lead  effects  [17.1], 

(a)  Short  leads  (r)  Current  rise  of  8  /xs 

(b)  Long  leads  (d)  Current  rise  of  0.5  ;;s 
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Fig.  17.20  Connections  to  MOV. 

(a)  Bad  -  long  leads 

(b)  Better  -  short  leads 

(c)  Best  -  three  terminal  connections 


Table  17.1 


Maximum  Ratings  for  Typical  130  V 
Metal  Oxide  Varistors  [17.1] 


Model 

Niuaber 

Model 

81m 

Otac 

Dhk 

Device 

MarUeg 

]  Maxiaeaai  Kadata  (tS°Q 

|  Cotftinoottf  j 

Tf— tert  | 

m 

DC 

VuUaga 

Eatrtjr 

(ie/ieeMt 

Saak 
Carnal 
(4/2 M) 

K51 

BS9 

B9 

am 

1  v<** 

Vote 

ioedea 

Aa*a 

VI30LA1 

■a 

1301 

mm 

173 

11 

1200 

VI30LA2 

■a 

1302 

m 

173 

11 

1200 

V130LA5 

n 

1303 

■d 

173 

20 

2300 

V130LA1QA 

fa 

130LI0 

173 

3S 

4300 

VI34LA20A 

Efl 

130U0 

■d 

173 

70 

4300 

V130LA2SB 

cl 

130L20B 

o 

173 

70 

4300 

Table  17.2 

Specifications  for  Typical  130  V 
Metal  Oxide  Varistors  [17.1] 


CfcaradarMce  (2S*C) 

Variator 

0»P4 

Tndcal 

Model 

VoUaat 

•  laADC 

1M 

Carnal 

VoUaao 

Ifcgfal 

Carnal 

<8/2*a> 

Capad* 

ta*e» 

Mta. 

Vt 

Max. 

* 

1  *  1  Mill 

Veda 

VoSe 

Voile 

V«s 

Aaya 

Ml  f  a 

VIJ0LAI 

IM 

100 

233 

390 

10 

140 

V1MLA2 

144 

200 

224 

340 

10 

IN 

VIMLAI 

144 

200 

224 

340 

23 

430 

VINLAIIA 

144 

130 

224 

340 

30 

ION 

VIMLAMA 

144 

200 

224 

340 

100 

1900 

V130LA2M 

144 

200 

220 

323 

100 

1900 

Maximum  continuous  voltage:  A  fundamental  con 
sideration  in  the  application  of  any  surge  protective 
device  is  that  it  not  conduct  excessively  tinder  normal 
operating  conditions  since  the  heat  produced  by  con¬ 


tinuous  conduction  is  likely  to  destroy  the  device.  Con¬ 
duction  must  not  take  place  even  under  the  normally 
allowed  excursions  of  operating  voltage.  As  an  exam¬ 
ple,  some  aircraft  power  systems  operate  at  a  nominal 
dc  voltage  of  28  volts,  but  if  a  regulator  were  to  fail, 
voltage  on  the  bus  could  go  as  high  as  80  volts.  A 
MOV  on  such  a  circuit  would  have  to  either  be  rated 
higher  them  80  volts  or  would  have  to  be  fitted  with  a 
fuse  or  circuit  breaker  to  disconnect  it  from  the  bus. 

The  V130LA  devices  are  rated  as  capable  of  con¬ 
tinuously  withstanding  130  V-rms  (184  V  peak)  or 
175  V-dc  without  excessive  conduction.  Such  a  device 
would  moot  likely  be  used  on  a  nominal  115  V-rms  ac 
power  system.  Lower  voltage  ratings  would  not  be  ap¬ 
propriate  because  operating  voltage  on  a  power  system 
may  temporarily  be  significantly  higher  than  nominal. 

RMS  vs  peak  or  dc  voltage:  Because  MOV  devices 
are  frequently  used  on  ac  power  systems,  the  reference 
to  rms  quantities  should  be  noted.  Other  protective 
devices,  notably  zener  diode  based  devices,  are  more 
commonly  used  on  electronic  systems  and  are  usually 
rated  for  a  nominal  dc  or  peak  ac  voltage. 

Transients:  Two  different  types  of  maximum  pulse 
rating  are  commonly  supplied;  the  allowable  energy 
and  the  maximum  peak  current.  Peak  current  is  de¬ 
fined  for  a  surge  having  an  8  x  20  /is  waveshape,  a 
surge  of  the  type  generally  used  for  testing  of  ac  power 
equipment,  as  discussed  in  §1.5.2.  The  maximum  al¬ 
lowable  energy  rating,  on  the  other  hand,  is  defined  for 
the  longer  10  x  1000  /is  waveshape  commonly  used  for 
testing  of  telecommunications  equipment,  as  discussed 
in  [17.4]. 

Since  clamping  voltage  is  relatively  independent 
of  surge  current,  instantaneous  power  is  the  product 
of  surge  current  and  clamping  voltage.  A  rectangu¬ 
lar  surge  current  ot  100  amperes,  passing  through  a 
varistor  clamping  to  340  volts,  would  deliver  a  power 
of  34  000  watts.  If  the  device  were  rated  to  withstand 
70  joules  (watt-seconds)  then  the  surge  could  flow  for 
2.06  milliseconds.  MOV  specification  sheets  provide 
curves  relating  voltage  and  current.  More  precise  es¬ 
timates  of  surge  energy  dissipated  could  be  made  by 
relating  instantaneous  surge  current  to  surge  voltage 
and  numerically  integrating  the  result. 

Voltage  at  1  mA:  Varistor  voltage  is  commonly  spec¬ 
ified  at  1  mA  test  current,  partly  because  a  leakage 
current  of  1  mA  is  seldom  cause  for  concern  and  partly 
because  it  is  a  convenient  and  easily  measurable  refer¬ 
ence  point  for  V-I  curves. 

Maximum  damping  voltage:  Catalog  data  commonly 
cites  the  maximum  clamping  voltage  at  a  surge  current 
appropriate  to  the  size  of  the  device.  Fbr  more  corn- 
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plete  information  on  V-I  charactistics,  curves  similar 
to  Fig.  17.13  are  supplied. 

Large,  high  energy  MOV  devices  used  for  ac  power 
systems  are  often  rated  in  terms  of  the  clamping  volt¬ 
age  when  carrying  10  000  amperes,  and  such  devices 
are  now  becoming  available  for  aircraft  use. 

MOVs  in  series:  MOV  devices  of  the  same  cross  sec¬ 
tional  area  may  be  connected  in  series  with  no  prob¬ 
lems.  They  need  not  have  the  same  thickness  or  volt¬ 
age  rating. 

MOVs  in  parallel:  When  high  energy  surges  must  be 
suppressed,  MOVs  are  sometimes  connected  in  paral¬ 
lel,  but  care  must  be  taken  to  match  the  V-J  char¬ 
acteristics,  as  shown  in  Fig.  17.21.  If  not,  one  device 
may  carry  most  of  the  surge  current,  defeating  the  pur¬ 
pose  of  using  devices  in  parallel.  Exact  matching  may 
not  be  necessary  since  by  the  time  current  becomes 
high  enough  to  require  parallel  devices,  the  bulk  resis¬ 
tance  may  dominate  the  performance  and  force  current 
sharing.  Use  of  one  larger  diameter  disk,  however,  is 
preferable  to  using  several  small  disks  in  parallel. 


Fig.  17.21  Parallel  operation  of  MOVs. 


Wear— out:  Specifications  for  MOV  devices  some¬ 
times  specify  a  maximum  allowable  number  of  surges 
of  specific  amplitude.  This  is  sometimes  taken  as  in¬ 
dicating  that  MOVs  become  “worn  out”,  loose  their 
non-linear  properties  and  are  no  longer  capable  of  pro¬ 
tecting  against  surges.  This  is  not  so.  The  factor  that 
may  change  after  many  surges  is  the  leakage  current 
at  operating  voltage.  It  may  increase,  but  the  MOV 
still  retains  its  non-linear  characteristic  and  its  ability 
to  protect  against  surges. 

Turn-on  voltage:  Sometimes  the  V-J  characteris¬ 
tics  are  presented  on  linear  plots  and  discussions  made 
about  the  “knee"  of  the  curve  or  the  voltage  at  which 
the  MOV  “turns  on.”  Such  discussions  are  misleading 
since  the  so-  called  “knee”  is  an  artifact  of  the  scale 
used  for  plotting  current.  The  current  is  an  exponen¬ 
tial  function  of  voltage  and  plotting  the  same  function 


to  a  different  current  scale  would  indicate  a  different 
“knee.”  Also,  discussions  of  “turn-on"  imply  a  switch¬ 
ing  mechanism  by  which  the  mechanism  of  conduction 
changes  from  one  state  to  another.  There  is  no  more  a 
“switching”  mechanism  for  an  MOV  device  than  there 
is  for  a  semiconductor  diode. 

Failure  mode:  In  response  to  a  massive  surge  current 
MOV  disks  may  shatter  and  fail  open  circuit.  More 
commonly,  they  are  caused  to  fail  by  excessive  con¬ 
tinuous  voltage  and  current  that  fuses  the  disk  and 
causes  it  to  fail  shorted.  Sometimes  the  heat  is  suffi¬ 
cient  to  melt  the  solder  holding  the  leads  to  the  MOV 
disk  and  the  device  fails  open  circuit.  Whether  fail- 
open  or  fail-short  is  the  preferred  mode  depends  on 
the  designer’s  preferences  and  requirements. 

Advantages  of  metal  oxide-based  varistors: 

1.  Bilateral  devices. 

2.  Small  size. 

3.  Easily  mounted.  One  common  configuration  is 
very  similar  in  appearance  to  a  disk  ceramic  ca¬ 
pacitor. 

4.  Self-extinguishing.  When  applied  voltage  drops 
below  the  voltage  for  which  the  device  is  rated, 
they  conduct  very  little  current. 

5.  Inherently  fast  response  time. 

6.  High  power-handling  capability.  The  current  and 
energy  handling  capability  is  second  only  to  cer¬ 
tain  types  of  spark  gap.  MOVs  gives  a  higher 
ratio  of  energy  absorbed  to  energy  reflected  than 
do  conventional  spark  gaps.  Moreover,  the  energy 
is  absorbed  throughout  the  buik  of  the  material 
and  is  not  concentrated  in  a  narrow  P-N  junction. 

Disadvantages: 

1.  High  capacitance. 

2.  Not  too  suitable  for  operating  voltages  below 
about  10  volts.  Minimum  clamping  voltages  are 
on  the  order  of  30  volts. 

17.4.3  Zener-Type  Diodes 

This  category  includes  all  single-junction  semi¬ 
conductor  devices  such  as  rectifiers,  in  addition  to  the 
Zener  type  diodes.  While  other  semiconductor  devices. 
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such  as  PNPN  devices  and  bipolar  transistors,  may 
have  application  as  surge  arresters,  they  will  not  be 
covered  here. 

Zener  diodes  are  basically  polarized  devices  which 
exhibit  an  avalanche  breakdown  when  the  applied  volt¬ 
age  in  the  reverse  bias  direction  exceeds  the  device’s 
specified  breakdown,  or  Zener  voltage  of  the  device. 
Diodes  intended  for  regulation  of  voltage  can  be  used 
to  suppress  surge  voltages,  but  diodes  specially  fab¬ 
ricated  for  surge  suppression  are  better.  These  have 
bigger  silicon  junctions  and  more  massive  end  caps  to 
better  dissipate  heat.  Some  surge  suppression  diodes 
are  intended  only  for  protection  against  surges  of  one 
polarity  and  act  as  conventional  forward  biased  diodes 
in  the  other  direction.  Others  are  intended  for  dual 
polarity  and  are  effectively  two  diodes  connected  back- 
to-back. 

The  voltage  across  the  diode  does  not  switch  to  a 
low  value  when  conducting,  but  remains  at  the  Zener 
voltage.  This  characteristic  accounts  for  their  abil¬ 
ity  to  cease  conduction  when  the  voltage  falls  below 
the  Zener  level,  but  it  has  a  disadvantage  thermally. 
During  conduction,  the  power  absorbed  by  the  diode 
is  the  product  of  the  current  through  the  diode  and 
the  voltage  across  the  diode.  The  power  absorbed  for 
constant  current,  thus,  is  directly  proportional  to  the 
diode  voltage. 

Partially  offsetting  this  disadvantage,  however,  is 
the  phenomenon  that  surge  energy  absorbed  in  the 
diode  is  energy  that  cannot  be  reflected  back  into  the 
system  to  cause  trouble  elsewhere. 

Depletion  layer:  In  diodes,  the  voltage  drop  takes 
place  across  the  narrow  depletion  layer  ana  the  mass 
available  for  absoiption  of  energy  is  thus  very  small, 
Heat  must  be  conducted  into  the  metal  end  caps  and 
then  dissipated  through  the  leads  of  the  diode.  Energy 
handling  capability  of  diodes  is  thus  intrinsically  less 
than  that  of  spark  gaps  and  metal  oxide  varistors.  As 
a  result,  diode  networks  will  not  be  the  preferable  pro¬ 
tective  device  where  extremely  high  transient  current 
or  energy  is  predicted.  For  most  lightning  hardening 
applications  in  aircraft,  this  is  not  a  serious  limitation, 
since  the  induced  surge  current  levels  are  in  the  1  to 
100  A  range  at  those  locations  where  surge  suppression 
diodes  are  most  likely  to  be  used. 

Ratings  of  Zonor-typo  diodai:  Ratings  of  Zener- 
type  protective  devices  follow  a  pattern  similar  to  that 
discussed  for  metal  oxide  devices.  The  discussion  that 
follows  will  be  illustrated  by  reference  to  General  Semi¬ 
conductor  diodes  [17.5].  Table  17.3  refers  to  a  line 
of  1500  watt  bipolar  devices  in  a  DO- 13  hermetically 
sealed  package.  Similar  devices  are  available  from 
other  sources  and,  as  with  metal  oxide  varistors,  the 


discussion  should  not  be  taken  as  an  endorsement  of 
any  one  product.  For  purposes  of  design,  the  manu¬ 
facturers  literature  should  be  consulted. 

Reverse  standoff  voltage:  This  specifies  the  voltage 
below  which  leakage  current  is  negligible  and  thus  cor¬ 
responds  to  the  leakage  region  discussed  for  metal  ox¬ 
ide  devices.  One  difference  is  that  tlie  quantity  cited 
is  a  dc  voltage,  unlike  MOV  devices  that  would  most 
likely  be  rated  in  terms  of  V-rms  for  sinewave  excita¬ 
tion. 

Breakdown  voltage:  This  is  the  voltage  developed 
in  response  to  a  test  current,  usually  1  mA  dc,  as  is 
common  with  MOV  devices. 

Clamping  voltage  and  peak  pulse  current:  The  allow¬ 
able  surges  for  protective  diodes  and  MOVs  are  stated 
somewhat  differently.  Diodes  are  specified  in  terms  of 
a  clamping  voltage  at  a  specified  current,  the  product 
of  Vcr  and  Ipp  yielding  the  instantaneous  peak  power 
of  1500  watts  for  which  the  devices  are  rated.  MOVs 
are  rated  in  terms  of  total  deposited  energy.  For  both 
protective  diodes  and  MOVs  the  specified  current  wave 
has  the  10  x  1000  /is  waveshape  specified  in  [17.4]. 

Instantaneous  powers  higher  than  1500  watts  may 
be  dissipated  if  the  duration  of  the  surge  current  is 
less  than  1  ms.  Other  product  lines  have  higher  power 
ratings. 

When  conducting,  the  voltage  and  current  of  a 
protective  diode  are  related  in  the  same  manner  as 
with  MOVs; 

I  =  kVa  (17.3) 

The  exponent  a  for  protective  diodes  is  in  the  range 
100  -  500,  higher  than  the  comparable  figure  for 
MOVs.  The  clamping  voltage  for  protective  diodes 
is  thus  more  nearly  constant  with  surge  current  than 
for  MOVs. 

Capacitance:  Surge  suppression  diodes  have  a  high 
capacitance,  several  hundred  pF  to  several  nF,  values 
on  the  same  order  as  MOVs  of  comparable  current  and 
energy  ratings. 

Spaed  of  raaponaa:  Since  the  non-linear  action  of  pro¬ 
tective  diodes  takes  place  in  the  very  thin  depletion 
region,  there  is  little  dependence  of  clamped  voltage 
on  waveshape  of  surge  current.  Theoretical  response 
times  of  1  -  5  picoseconds  (1  -  5  x  10_,a  seconds)  have 
been  cited,  but  such  times  have  little  meaning  since 
the  performance  of  protective  diodes  is  governed  by 
inductance  of  leads  just  as  with  MOVs,  Excessive  lead 
length  degrades  the  performance  of  any  protective  de¬ 
vice. 
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Table  17.3  Specifications  for  Typical  Protective  Diodes  [17.S] 


JEOEC 

TYPE 

HUMBER 

REVERSE 
STAN0-0FF 
VOLTAGE 
(Hols  1) 

VR 

VOLTS 

BREAK00WN 

VOLTAGE 

BV  @ 

VOLTS 

'T 

mA 

MAXIMUM 

CLAMPING 

VOLTAGE 

@lpp 

(1  mSEC) 

VC 

VOLTS 

MAXIMUM 

REVERSE 

LEAKAGE 

•fl 

n* 

MAXIMUM 
PEAK  PULSE 
CURRENT 
(HOIS  2) 

Ipp 

A 

1N603S 

5.5 

575  •  8.25 

10 

11.7 

1000 

1280 

t 1N0O3BA 

6.0 

7.13  ■  7.88 

10 

11.3 

1000 

1320 

1N6037 

6.5 

7  38  -  9.02 

10 

125 

500 

1200 

t 1N6037A 

7.0 

7.79-  561 

10 

121 

500 

124.0 

1N8038 

7.0 

8.19-  1000 

10 

138 

200 

109.0 

t 1N6038A 

7.5 

8.65  •  9.55 

10 

13.4 

200 

1120 

1NB839 

8.0 

9.00-  11.00 

1 

150 

50 

100.0 

t 1N603SA 

8.5 

9.50-  1050 

1 

14.5 

50 

103.0 

1N6040 

8.5 

9.90-  1210 

1 

152 

10 

930 

1 1N6040A 

9.0 

1050-  11.60 

1 

156 

10 

96.0 

1N6041 

9.0 

1080-  1320 

1 

17.3 

5 

87.0 

1 1N6041A 

10.0 

11.40-  1260 

1 

187 

5 

90.0 

1N6042 

10.0 

11.70-  14.30 

1 

19.0 

5 

790 

t 1NB042A 

11.0 

1240-  1370 

1 

182 

5 

620 

1N6043 

11.0 

13.80-  1850 

1 

220 

5 

68.0 

t 1N6C43A 

120 

14.30-  15.80 

1 

21.2 

5 

71.0 

1N6044 

120 

14.40-  17.60 

1 

235 

S 

64.0 

t1N8C44A 

130 

1520-  1880 

1 

228 

5 

67.0 

1NB045 

14.0 

1820-  1880 

1 

285 

S 

585 

t 1N6045A 

150 

17.10  -  1590 

1 

252 

5 

59.5 

1N604S 

18.0 

1800-  22.00 

1 

281 

5 

51.5 

1 1N6046A 

17.0 

19.00-  2100 

1 

27.7 

5 

540 

1N6047 

17.0 

19.80*  24  20 

1 

31.9 

5 

47.0 

1 1H8047A 

150 

2090  -  2310 

1 

aae 

5 

480 

1N8048 

ISO 

2180*  2840 

1 

34.7 

5 

430 

t1N804IA 

20.0 

2280  *  2820 

1 

332 

8 

450 

1N604I 

21.0 

24.30  -  29.70 

1 

39.1 

8 

385 

t 1N8048A 

220 

2570-  2840 

1 

37.5 

8 

480 

Series  and  parallel  connection  of  diodes:  Protec¬ 
tive  diodes  may  be  placed  in  series  with  no  problems. 
Diodes  in  parallel  must  be  carefully  matched  for  volt¬ 
age,  just  as  with  MOVs. 

Failure  mode:  Most  commonly,  excessive  surge  energy 
causes  the  semiconducting  junction  to  melt  and  the 
device  to  fall  shorted. 

Advantages  of  Zener-type  diodes: 

1.  Small  sise. 

2.  Easily  mounted. 

3.  Low  clamping  voltage. 

4.  Low  dynamic  impedance  when  conducting. 


6.  Low  volt-time  turnup,  or  impulse  ratio. 

Disadvantages: 

1.  Not  intrinsically  bilateral.  Tb  protect  against 
both  polarities,  two  diodes  in  series  back-to-back 
configuration  are  necessary.  Bipolar  packages  are 
available. 

2.  High  junction  capacitance  may  cause  significant 
signal  loss  at  operating  frequencies  above  1  MH*. 
Special  diode  assemblies  may  extend  the  useful 
frequency  to  approximately  50  MHz. 

3.  They  do  not  switch  state  between  a  conducting 
and  a  non-conducting  mode. 

4.  Lower  energy  capabilities  than  spark  gaps 


5.  Not  available  for  voltage  below  about  5  V. 


5.  Self-extinguishing.  When  applied  voltage  drops 
below  the  Zener  level,  they  cease  conduction. 


450 


6.  Not  normally  available  for  voltages  above  a  few 
hundred  volts. 

17.4.4  Forward-Conducting  Diodes 

In  a  forward-conducting  state,  a  diode  conducts 
little  current  below  about  0.3  V  for  germanium  and  0.6 
V  for  silicon.  They  can,  as  a  result,  be  placed  directly 
across  a  low-voltage  line  and  afford  substantial  protec¬ 
tion.  Diodes  can  be  connected  in  series  for  higher  volt¬ 
age  circuits.  Diodes  in  parallel  back-to-back  would  be 
needed  for  bipolar  protection. 

Advantages  of  forward-conducting  diodes: 

1.  Small  size. 

2.  Not  costly. 

3.  Provide  protection  at  very  low-voltage  levels. 

4.  Excellent  surge-current  ratings. 

Disadvantages: 

1.  Not  bilateral.  Fbr  protection  of  both  polarities, 
two  diodes  in  parallel  must  be  used.  Some  vendors 
supply  bipolar  diodes  for  protection  purposes. 

2.  Conduction  may  occur  on  normal  signals  with  at¬ 
tendant  signal-clipping  and  frequency  multiplica¬ 
tion  effects.  Diodes  must  be  used  in  series  to  raise 
voltage  levels. 

3.  High  capacitance. 

17.4.5  Revane  Blued  Diodea 

Reverse  biased  diodes,  as  shown  in  Fig.  17.22,  of¬ 
fer  excellent  protection  for  signal  circuits.  Under  nor¬ 
mal  operation  the  diodes  are  reverse  biased  and  effec¬ 
tively  disconnected  from  the  circuit,  but  whenever  the 
voltage  on  the  signal  line  exceeds  the  power  supply 
voltage  the  diodes  become  forward  biased  and  allow 
the  surge  to  be  conducted  into  the  capacitors.  Since 
no  circuit  will  operate  correctly  for  normal  signals  ex¬ 
ceeding  the  supply  voltage  for  the  input  semiconductor 
circuits,  the  supply  voltage  for  the  protective  diodes  is 
automatically  of  the  correct  level. 

The  reverse  biased  diodes  have  very  low  capaci¬ 
tance  and  the  circuit  is  thus  well  adapted  to  protection 
of  high  frequency  circuits  for  which  the  capacitance  of 
MOVs  and  Zener  type  surge  protective  diodes  presents 
problems.  When  called  upon  to  provide  protection, 
the  diodes  operate  forward  biased  and  even  small  sig¬ 


nal  diodes  can  carry  very  large  surge  currents.  Some 
CMOS  devices  have  similar  diodes  built  in,  but  they 
are  only  intended  to  guard  against  static  electricity 
and  should  not  be  relied  on  to  offer  protection  against 
surges. 

Resistors  may  be  used  to  prevent  excessive  surge 
energy  from  being  conducted  into  the  circuit  power 
supply  and  surge  protective  diodes  can  be  used  to  by¬ 
pass  excessive  surge  energy  to  ground  should  the  surge 
charge  the  capacitors  to  an  excessive  voltage. 

Advantages  of  reverse  biased  diodes: 

1.  Low  capacitance. 

2.  Excellent  surge  handling  capability. 

Disadvantages: 

1.  Must  be  included  in  initial  design  of  circuit. 

2.  Seldom  practical  to  add  to  existing  circuit  boards. 


Fig.  17.22  Reverse  biased  diodes. 


17.4.6  Hybrid  Protection 

Frequently  a  spark  gap  and  a  MOV,  or  a  MOV 
and  a  surge  protecting  diode,  ore  used  together  to  pro¬ 
vide  added  protection,  as  shown  in  Fig.  17.23.  The 
higher  energy  device  is  connected  close  to  the  point 
where  the  surge  may  enter  the  system  and  the  lower 
energy  device  is  connected  close  to  the  more  sensitive 
components.  The  principal  is  that  the  high  energy  de¬ 
vice  provides  the  primary  protection  and  diverts  the 
major  portion  of  the  surge  energy  while  the  lower  en¬ 
ergy  device  provides  protection  for  the  residual  tran¬ 
sients. 

Isolation  of  devices:  Protective  devices  cannot  be  op¬ 
erated  directly  in  parallel  since  the  device  with  the 
lowest  clamping  voltage  would  carry  all  the  surge  cur¬ 
rent.  Impedance  between  the  two  is  needed  to  limit 
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the  surge  current  in  the  lower  energy  device  and  allow 
voltage  to  develop  that  initiates  conduction  in  the  high 
energy  device. 


Incoming  Surgt 


Fig.  17.23  Paralleled  protectors 
physically  separated. 

Physical  separation:  Best  protection  is  obtained  if  the 
two  surge  protectors  are  physically  separated  a  con¬ 
siderable  distance.  For  example,  large  MOVs  or  spark 
gaps  should  be  located  near  exposed  electrical  appa¬ 
ratus  such  as  lights  and  air  data  probe  heaters,  and 
smaller  MOVs  or  diodes  installed  closer  to  solid  state 
power  controllers  or  other  electronic  equipment  so  that 
the  interconnecting  wires  can  provide  the  requisite  im¬ 
pedance  between  high  and  low  energy  devices,  Phys¬ 
ical  separation  also  minimizes  problems  of  inductive 
voltage  drop  in  grounding  connectors. 

Rasiitive  or  Inductive  isolation:  Physical  separation 
is  not  always  possible  in  aircraft  applications  and  ad¬ 
ditional  resistance  or  inductance  may  be  needed,  as 
shown  in  Fig.  17.24.  Inductance  may  be  appropri¬ 
ate  for  power  circuits,  but  has  the  disadvantage  that 
slowly  changing  surge  currents  may  still  pass  into  the 
low  energy  protector  without  ever  developing  enough 
voltage  to  cause  conduction  through  the  high  energy 
protector.  Resistors  are  preferable  because  the  current 
through  the  low  energy  protector  can  be  controlled  ir¬ 
respective  of  the  surge  waveshape. 

Commercial  availability:  Hybrid  protectors  are  com¬ 
mercially  available  that  have  high  and  low  energy  pro¬ 
tective  devices  incorporated  into  a  single  package. 

17.4.7  Sorgo  Protecting  Connectors 

At  least  two  lines  of  activity  have  been  pursued 
with  the  aim  of  incorporating  surge  protective  devices 
directly  in  electrical  connections.  One  approach  [17.6] 
incorporated  spark  gaps  between  the  connector  pins 
and  the  connector  shell.  A  high  dielectric  material, 
rutile,  was  used  to  stimulate  internal  flashover  and 


to  achieve  a  protective  level  of  about  1100  to  1300  V 
with  an  impulse  ratio  nearly  unity,  even  with  voltage 
rates  of  change  at  10  kV/,cs.  This  design  withstood  ex¬ 
tremely  large  currents  (100  to  250  kA).  The  work  on 
this  device  was  performed  at  Sandia  Laboratories  and 
supported  by  the  U.S.  Atomic  Energy  Commission. 

Another  line  of  approach  uses  zinc  oxide  varistor 
material  to  hold  the  pins  in  a  connector.  This  work 
was  being  done  by  General  Electric  Company  for  the 
U.  S.  Army  Harry  Diamond  Laboratories. 

Protective  connectors  are  available  commercially. 


Fig.  17.24  Hybrid  protectors, 

(a)  Sparkgap  and  MOV 

(b)  MOV  und  diode 


17.5  Damage  Analysis  -  Semiconductors 

The  energy  coupled  into  a  system  by  lightning  in¬ 
duces  large  current  pulses  into  the  cabling  and  wiring 
of  the  system  and  resulting  voltage  pulses  across  loads. 
Determining  whether  or  not  these  voltages  and  cur¬ 
rents  cause  upset  or  damage  to  active  or  passive  com¬ 
ponents  requires  n  knowledge  of  the  failure  thresholds 
of  devices.  These  failure  thresholds  have  been  inves¬ 
tigated  extensively  during  studies  of  nuclear  electro¬ 
magnetic  pulse  (NEMP)  effects  on  electronic  equip¬ 
ment.  The  following  sections  will  discuss  some  of  how 
damage  analysis  is  performed. 

Where  vulnerability  or  failure  involves  thermal 
considerations  one  difference  between  NEMP  and  light¬ 
ning  analyses  must  be  noted.  NEMP  vulnerability  as¬ 
sessments  are  mostly  made  for  a  single  pulse,  but  light¬ 
ning  subjects  equipment  to  a  series  of  closely  spaced 
pulses. 

Semiconductor  electronic  components  are  gener¬ 
ally  more  vulnerable  under  pulse  conditions  than  are 
non-semiconductor  components.  This  discussion  of 
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this  section  will  be  limited  to  semiconductors.  Ca¬ 
pacitors  and  some  other  components  a/e  discussed  in 
§lt.t5  and  §17.7. 

17.5.1  Theoretical  Models 

Theoretical  models  have  been  developed  which  re¬ 
late  significant  changes  in  the  properties  of  a  semicon¬ 
ductor  PN  junction  to  high  temperatures  generated  in 
the  junction  region  during  application  of  a  high  voltage 
pulse.  Theoretical  models  babied  on  thermal  analysis  of 
the  junction  region  yield  a  mathematical  relation  be¬ 
tween  junction  temperature  and  power  dissipation  in 
the  junction  region.  This  relation  can  be  used  to  de¬ 
fine  a  constant  characterizing  the  operation  in  a  given 
time  domain  of  each  device. 

( 

17.5.2  Empirical  Models 

In  addition  to  the  theoretical  correlations  just  de¬ 
scribed,  the  experimental  data  have  been  used  in  the 
development  of  empirical  relations  which  are  obtained 
from  two  models  of  semiconductor  junction  device-  the 
junction  capacitance  model  and  the  thermal  resistance 
model.  These  models  provide  a  framework  from  which 
the  power  failure  threshold  of  an  untested  device  can 
be  estimated  from  the  quantities  listed  in  a  data  sheet 
description  prepared  by  the  manufacturer  for  a  diode 
or  a  transistor. 

17.5.3  Limitations 

The  assumptions  made  about  junction  heating 
and  transfer  of  heat  in  the  derivation  of  the  models 
limit  their  applicability  to  the  region  of  pulse  dura¬ 
tions  of  approximately  0.1  to  20  /ts.  For  longer  times 
appreciable  heat  transfer  may  take  place  away  from 
the  function  area  during  the  pulse  input.  For  short 
pulses  the  power  levels  are  so  high  (1  to  10  kW)  that 
very  large  currents  flow;  consequently,  the  joule  heat¬ 
ing  in  the  bulk  material  is  appreciable.  The  transition 
behavior  between  these  three  regions  of  pulse  duration 
(regions  that  will  be  more  precisely  described  later  in 
this  section)  is  not  well  defined  and  may  vary  from 
one  device  type  to  another.  Examination  of  available 
data  indicates  the  transition  region  generally  occurs 
between  100  ns  and  1  ftn, 

Still  another  limitation  is  fundamental  to  the  work 
summarized  in  this  section;  it  applies  only  to  junction 
burnout.  Other  modes  of  device  failure,  such  as  metal¬ 
lization  burnout  and  internal  arcing,  are  not  treated. 
Based  on  the  results  obtained  in  studies  of  junction 
burnout,  it  would  seem  that  other  effects,  such  as  met¬ 
allization  burnout,  occur  at  higher  power  input  levels 
than  thou*  input  levels  sufficient  to  damage  the  junc¬ 
tion. 


17.5.4  Failure  Mechanisms-Semiconductors 

The  two  principal  breakdown  modes  for  semicon¬ 
ductor  PN  junctions  are  the  following: 

1.  Surface  damage  around  the  junction  as  a  result  of 
arcing. 

2.  Internal  damage  to  the  junction  region  as  a  result 
of  elevated  temperature. 

Surface  damage  refers  to  the  establishment  of  a 
high-leakage  path  around  the  junction  which  effec¬ 
tively  eliminates  any  junction  action.  The  junction 
itself  is  not  necessarily  destroyed,  since,  if  it  were  pos¬ 
sible  to  etch  the  conducting  material  away  from  the 
surface,  the  device  might  be  able  to  return  to  its  nor¬ 
mal  operaring  state.  This  is  not  practical,  of  course,  in 
an  operational  semiconductor.  It  is  equally  likely  that 
the  formation  of  any  surface  leakage  path  would  be  the 
result  of  excessive  heat  development  in  the  bulk  of  the 
material,  and  this  would  typically  be  an  irreversible 
phenomenon. 

It  is  very  difficult  to  predict  theoretically  the  con¬ 
ditions  which  will  lead  to  surface  damage  because  they 
depend  upon  many  variables,  such  as  the  geometrical 
design  and  the  details  of  the  crystal  structure  of  the 
surface.  The  theoretical  prediction  of  surface  arcing 
under  pulse  conditions  is  not  practical  [17.7].  It  should 
be  cautioned  that  surface  damage,  in  the  general  case, 
nmy  occur  in  devices  at  power  levels  which  are  orders 
of  magnitude  below  those  sustainable  by  devices  in 
which  bulk  damage  occurs  [17.8]. 

Bulk  damage,  which  results  in  permanent  change 
in  the  characteristic  electrical  parameters  of  the  junc¬ 
tion,  indicates  some  physical  change  in  the  structure 
of  the  semiconductor  crystal  in  the  region  of  the  junc¬ 
tion.  The  most  significant  chauge  is  melting  of  the 
junction  as  a  result  of  high  temperatures.  Other  types 
of  change  may  involve  the  impurity  concentrations,  the 
formulation  of  alloys  of  the  crystal  materials,  or  a  large 
increase  in  the  number  of  lattice  imperfections,  either 
crystal  dislocations  or  point  defects. 

Example:  The  simplest  structure  to  analyze  is  a  diode. 
Consider  Fig.  17.25.  In  this  diode  a  current  is  assumed 
to  flow  as  a  result  of  some  outside  stimulus  and,  in  do¬ 
ing  so,  to  produce  a  voltage  across  the  diode.  This 
voltage  may  be  the  forward  bias  voltage  (0.5  to  1.5 
V),  or  it  may  be  tbe  reverse  breakdown  voltage  if  the 
outside  stimulus  has  biased  the  diode  in  the  reverse 
direction.  Assume  that  I  is  a  square  wave  and  that 
V  is  not  a  function  of  time,  as  it  might  be  if  V  de¬ 
pended  upon  the  junction  temperature.  The  instan¬ 
taneous  power  dissipated  in  the  diode  is  then  also  a 
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square  pulse  of  magnitude 

P  =  IV  (17.4) 

and  the  total  energy  produced  is 

W=  f  Pdt^IVt  (17.5) 

■".i: V  ,  Jo 

Assume  that  the  power  level  is  sufficient  that  the 
device  fails  at  the  end  of  the  pulse.  Both  experimental 
and  theoretical  analyses  indicate  that  the  power  re¬ 
quired  to  cause  failure  depends  on  pulse  width:  the 
narrower  the  pulse,  the  greater  the  power  required 
to  cause  failure.  Over  a  broad  range  of  times,  typi¬ 
cally  between  0.1  /*s  and  100  /r s,  the  power  required 
to  ^■'use  failure  is  inversely  proportional  to  the  square 
root  of  time.  For  very  short  pulse  durations  the  power 
required  to  cause  failure  is  inversely  proportional  to 
time,  and  for  very  long  pulse  durations  the  power  re¬ 
quired  to  cause  failure  is  a  constant.  These  relations 
may  be  expressed  by  the  following  equations: 

Pt  =  C  t  <  To  (17.6) 

Ft'/2  s=  K  T0  <  1  <  100  us  (17.7) 
P  =  Constant  l  >  100  /is  (17-8) 

where  To  generally  lies  between  10  ns  and  1  /is.  Fig. 
17.26  shows  an  example  for  a  10  W  diode.  The  most 
important  region  is  the  center  region,  where 


P  =  (17.9) 

*9 


Fig.  17.25  Voltage  and  current  through  a  diode 
junction  (17.9). 

(a)  Forward  bias  cate 

(b)  Reverse  bias  case,  V',  >  Vbd 


Effects  of  bias:  Junctions  are  less  susceptible  to 
burnout  when  operated  with  forward  bias:  first,  be¬ 
cause  the  power  produced  by  a  given  current  is  lower 
when  flowing  through  the  low  forward  bias  voltage 
than  when  developed  across  the  higher  reverse  bias 
breakdown  voltage.  Vbd,  and,  second,  because  the 
current  is  more  uniformly  distributed  across  the  junc¬ 
tion  in  the  forward  direction.  Accordingly,  it  requires 
more  power  in  the  forward  direction  to  cause  failure. 
An  example  is  shown  in  Fig.  17.27.  The  2N2222  tran¬ 
sistor  is  a  0.5  W  NPN  silicon  high-  speed  switch. 

17.5.5  Damage  Constants 

From  curves,  such  as  those  of  Figs.  17.26  and 
17.27,  the  value  of  a  damage  constant.  A'  (or  C),  can 
be  determined  and  tabulated  for  a  range  of  devices. 
The  appropriate  threshold  damage  curve  can  then  be 
reproduced  as  desired  from  a  single  damage  charac¬ 
terization  number,  the  damage  constant  K.  It  is  con¬ 
venient  to  express  K  in  kW-/is0-5,  since  the  value  of 
K  in  these  units  then  becomes  numerically  equal  to 
the  power  necessary  for  failure,  dissipated  by  a  square 
pulse  of  1  (is  duration. 

If  this  point  is  located  on  a  log  -log  graph,  as 
shown  in  Fig.  17.26.  then  a  curve  of  slope.  -C.5,  drawn 
through  this  point  reconstructs  the  curve  fit  to  the 
data  for  a  particular  device,  and  the  power  for  fail¬ 
ure  at  other  pulse  durations  can  be  read  directly  from 
such  a  graph.  Ideally,  the  K  factor  should  be  known 
for  both  the  forward  bias  and  the  reverse  bias  con¬ 
ditions.  Generally,  only  the  K  factor  for  the  reverse 
bias  condition  is  known.  This  limitation  gives  conser¬ 
vative  answers,  since  K  for  the  reverse  bias  condition 
is  almost  always  lower  than  is  K  for  the  forward  bias 
condition. 

The  magnitude  of  the  damage  constant  depends 
upon  the  type  of  junction  under  consideration:  broadly 
speaking,  it  is  larger  for  large  junctions  and  smaller 
for  small  junctions.  Figs.  17.%  and  17.29  show  the 
range  of  the  damage  constant  for  typical  diodes  and 
transistors. 

17.5.6  Experimental  Determination  of 
K  Factor 

Experimentally  the  K  factor  is  determined  by  in¬ 
jecting  power  pulses  into  the  semiconductor  junction, 
starting  at  low  levels  and  increasing  the  levels  until  ei¬ 
ther  failure  or  significant  degradation  of  the  junction 
occurs.  Devices  would  normally  be  pulsed  in  both  the 
forward  and  reverse  directions. 

The  A'  factors  and  breakdown  voltages  for  some 
representative  semiconductors  are  given  in  Table  17.4 
and  17.5.  The  tables  are  intended  only  to  show  the 
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type  of  data  available  and  are  not  complete.  More 
complete,  and  more  up  to  date,  data  is  available  to 
qualified  users,  In  the  case  of  transistors,  the  K  fac¬ 
tor  listed  generally  refers  to  the  base-emitter  junction, 
since  this  is  generally  the  junction  most  susceptible  to 
burnout.  In  all  the  cases  the  K  factor  refers  to  the 
reverse  bias  direction. 

17.5.7  K  Factor  as  Determined  from  Junction 
Area 

If  the  K  factor  is  not  measured,  it  may  be  esti¬ 
mated  [17.12,  17.13)  by  one  or  more  of  three  methods. 
The  most  accurate  of  the  indirect  methods  involves  a 
knowledge  of  the  area  of  the  junction.  If  the  area  is 
known,  the  K  factor  may  be  estimated  from  the  fol¬ 
lowing  relations: 


Diodes  -  K  =  0.56A  (17.10) 

Transistors  -K  =  0.47A  (17*11) 

K  in  kW  *  ft  s 
A  in  cm2 

For  transistors,  the  junction  area  to  be  used  is  that  of 
the  base-emitter  region.  This  is  generally  the  weaker 
junction  (lower  breakdown  voltage),  and  it  is  that  for 
which  the  experimental  average  value  for  K  was  ob¬ 
tained. 

This  method  is  of  course  limited  by  the  availabil¬ 
ity  of  information  on  junction  area,  but  where  such  in¬ 
formation  is  available,  the  method  yields  damage  con¬ 
stants  accurate  to  within  a  factor  of  two.  Fbr  planar 
devices,  the  junction  area  can  often  be  measured  di¬ 
rectly  on  the  silicon  chip 
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Fig.  17.26  Time  dependence  of  pulse  power  failure  [17.9]. 
Threshold  for  a  10  W  diode 


Fig*  17.27  Time  dependence  of  pulse  power 
failure  [17.10]. 

2N2222  transistor 
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Fig.  17.28  Range  of  pulse  power  damage  constants 
for  representative  diodes  [17.11]. 
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Fi*.  17.29  Range  of  pulse  power  damage  constants 
for  representative  transistors  [17.12]. 


100 


17.5.8  K  Factor  u  Determined  from  Junction 
Capacitance 

The  next  most  reliable  method  of  determining  the 
damage  constant  is  from  a  knowledge  of  the  capaci¬ 
tance  Cj  and  breakdown  voltage  Vbd  of  the  junction. 
Fbr  silicon  diodes  and  all  silicon  transistors  except  pla¬ 
nar  and  mesa  devices,  the  relation  is 

K  m  4.97  x  10_,CjV3£T  (17.12) 


Fbr  silicon  planar  and  mesa  transistors  the  rela¬ 
tion  is 

K  -  1.66  x  10 '4C/V||”  (17.13) 

Fbr  a  base-emitter  junction,  the  capacitance  used 
should  be  taken  at  a  reverse  bias  of  approximately  1 
V.  Fbr  a  collector-base  junction  or  diode  junction,  the 
value  should  be  taken  at  the  reverse  bias  of  approxi¬ 
mately  5  to  10  V. 
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Table  17.4  Typical  Diode  Damage  Data  [17.11,  17.26  -  17.28] 


i 


Device  Number 

K 

_ ^ 

Device  Number 

K 

VBD 

IN483,  A 

.3 

70. 

IN3157 

.625 

8.4 

IN483,  B 

.3 

80. 

IN3189 

10. 

200. 

IN484A 

.45 

130. 

IN3190 

4.1 

600. 

IN484B 

.3 

130. 

IN3560 

.038 

.475 

IN435 

.3 

180. 

IN3561 

.038 

.475 

IN486,  B 

.29 

225. 

IN 3582 A 

.35 

11.7 

IN487,  Z 

.3 

300. 

IN3600 

.18 

50. 

IN488 

.3 

380. 

IN3821 

1.947 

3.3 

IN536 

1. 

50. 

IN3828A 

1.95 

6.2 

IN537 

.51 

100. 

IN3893 

6.41 

400. 

IN538,  M 

1. 

200. 

IN3976 

132. 

200. 

IN539 

1. 

300. 

IN4241 

33.84 

6. 

INS40 

.93 

400. 

IN4245 

2.4 

200. 

INS47 

12.1 

600. 

IN4249 

2.4 

1000. 

IN560 

.625 

800. 

IN4312 

.116 

150. 

INS61 

.625 

l™0. 

IN4370A 

.625 

2.4 

IN562 

1.8 

800. 

IN4816 

6.8 

50. 

IN619 

.36 

10. 

IN4817 

6.8 

100. 

IN622 

.347 

150. 

IN4820 

10. 

400. 

IN625 

.164 

30. 

IN4823 

.208 

’00V 

IN625A 

.045 

20. 

IN4989 

14.33 

200. 

IN643 

.44 

200. 

AM? 

1.4 

50. 

IN643A 

.1 

200. 

D4330 

.001 

IN64S 

2.8 

225. 

FD300 

.18 

125. 

IN646 

2.29 

300. 

SG22 

.23 

1 

SLD10EC 

10,000. 

17.5.9  K  Factor  as  Determined  from  Thermal 
Resistance 

The  third,  and  least  reliable,  way  of  estimating 
the  damage  constant  is  from  a  knowledge  of  the  ther- 
mul  resistance  of  the  junction,  either  the  thermal  re¬ 
sistance  from  junction  to  case  (9je)  or  from  junction 
to  ambient  (9>a).  For  silicon  diodes  and  all  silicon 
transistors  except  planar  and  mesa  devices,  empirical 
relations  are: 

A'  =  7076j;,  M  (0Je  >  10.0)  (17.14) 

A' =  4.11  x  lO4©^' T  (17.15) 

For  silicon  planar  and  mesa  transistors  the  rela¬ 
tions  are 


A'  =  7O70j~1-93  (0jc>lO.O)  (17.16) 

K  =  2.74  x  105©];2-55  (17.17) 

Normally  0jc  and  0j,  are  not  given  in  the  tran¬ 
sistor  data  sheets  but,  rather,  must  be  calculated 
from  the  maximum  operating  junction  temperature, 
(7}m<u ),  the  total  power  dissipation  (Pa),  case  temper¬ 
ature  ( Te ),  and  ambient  temperature  (Tam»). 

0Jc  =  (2j  max  —  Te)/P,  (17.18) 

©j»  *=  (7]  max  r.»b  (17.19) 

Generally,  at  least  one  of  these  thermal  resistances  can 
be  determined  from  the  manufacturer's  data  sheet. 

The  accuracy  of  the  damage  constant  as  deter¬ 
mined  from  either  the  junction  capacitance  or  the  junc- 
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tion  thermal  resistance  is  somewhat  limited.  Table 
17.6  gives  some  estimate  of  the  accuracy  within  which 
the  damage  constant  can  be  calculated. 

17.5.10  Oscillatory  Waveforms 

Eq.  17.9  is  based  on  the  assumption  that  the  ap¬ 
plied  voltage,  current,  and  power  waves  are  rectangu¬ 
lar  in  shape.  Actual  transients  are  very  seldom  rectan¬ 
gular,  but  it  is  possible  to  derive  equivalent  rectangular 
pulses  for  more  common  types  of  transient. 

One  such  type  of  transient  typically  encountered 
is  the  damped  oscillatory  wave.  Based  on  multiple 
pulse  studies  by  Wunsch  and  others  [17.15  and  17.16], 
it  can  be  assumed  that  device  damage  will  occur, 
if  at  all,  during  the  first  cycle  of  the  damped  sine 
wave.  Therefore,  the  lower  amplitude  cycles  may  be 
neglected. 


Two  cases  may  be  considered,  one  in  which  one 
of  the  half  cycles  of  the  transient  does  not  exceed  the 
reverse  breakdown  voltage  of  the  junction.  Fig.  17.30, 
and  one  in  which  the  reverse  breakdown  voltage  is  ex¬ 
ceeded,  Fig.  17.31.  In  either  case,  one  of  the  half 
cycles  will  bias  the  junction  in  a  forward  direction. 

Reverse  breakdown  not  exceeded:  Treating  first  the 
case  in  which  the  reverse  breakdown  voltage  is  not  ex¬ 
ceeded,  Fig.  17.30,  the  rectangular  wave  of  the  same 
peak  amplitude,  Vo,  and  producing  the  same  proba¬ 
bility  of  damage  as  the  sine  wave,  has  a  duration  rp, 
where 


of  the  sine  wave. 


Table  17.5  Typical  Transistor  Damage  Data  [17.11,  17.26  -  17.28] 


Davies 

Number 

K 

BV 

EBO 

BV 

CBO 

BV 

CEO 

2N43.A 

.28 

5. 

45. 

30. 

2N117 

.15 

1. 

45. 

45. 

2N118 

.15 

1. 

45. 

45. 

2N128 

.017 

10. 

10. 

4.5 

2NI58 

.499 

30. 

40. 

60. 

2NI76 

.44 

40. 

30. 

2NI89 

.17 

25. 

25. 

2NI90 

.58 

25. 

25. 

2N243 

.05 

1. 

40. 

60. 

2N244 

.05 

1. 

40. 

60. 

2N263 

.38 

1. 

45. 

30. 

2N264 

.34 

45. 

30. 

2N274 

.0074 

.5 

35. 

40. 

2N279A 

.047 

45. 

30. 

2N297A 

.499 

40. 

60. 

40. 

2N329,  A 

.21 

20. 

50. 

30. 

2N332 

.45 

1. 

45. 

30. 

2N333 

.32 

1. 

45. 

30. 

2N333,  A 

.55 

1. 

4.-2N335A 

45. 

45. 

2N336 

.55 

1. 

45. 

*30. 

2N337 

.12 

1. 

45. 

30. 

2N338 

.12 

1. 

45. 

30. 

2N339 

2. 

1. 

55. 

55. 

2N34I 

1. 

1. 

125. 

85. 
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Fig.  17.30  Device  waveforms  lor  Vs  <  Vgp  [17.17]. 

(a)  Generator  voltage 

(b)  Diode  voltage 

(c)  Junction  current 

(d)  Junction  power 


Reverse  breakdown  exceeded:  If  the  transient  does 
exceed  the  reverse  breakdown  voltage,  Fig.  17.31,  the 
duration  of  the  equivalent  transient  depends  upon  the 
fraction  of  the  time  that  the  oscillatory  transient  does 
exceed  the  reverse  breakdown  voltage.  The  duration 
of  the  equivalent  rectangular  wave  is  given  by  the  ex¬ 
pression 


i-(WVo)a 

-‘(vwvi)  ' 


K  COS 


(17.21) 


This  expression  is  shown  plotted  in  Figs.  17.32  and 
17.33.  Far  oscillatory  transients  whose  initial  ampli¬ 
tude  considerably  exceeds  the  reverse  breakdown  volt¬ 
age  of  the  junction,  Eq.  17.15  approaches  a  limiting 
value  of  0.2,  and  thus  becomes  identical  with  the  for¬ 
ward  bias  case,  Eq.  17.14. 


Integrated  circuits:  A  limited  amount  of  data  relat¬ 
ing  voltage  and  current  durations  to  the  breakdown  of 
integrated  circuits  is  shown  in  Ftp.  17.34, 17.35,  and 


t  B  0 


Fig.  17.31  Device  waveforms  for  V,  >  Vgp  [17.18]. 
(u)  Generator  voltage 

(b)  Diode  voltage 

(c)  Junction  current 

(d)  Junction  power 


17.36  show  the  results  of  measurements  on  SN55107 
line  receivers,  SN55109  line  drivers,  and  CD4050  AE 
hex  buffers. 

17.6  Failure  Mechanfamg-Capadtora 

Capacitors  fail  by  a  mechanism  different  from  that 
of  semiconductors.  The  mechanism  of  capacitor  failure 
depends  upon  the  type  of  dielectric. 

Solid  dfolectrlcs:  Capacitors  with  solid  dielectrics,  pa¬ 
per,  Mylar,  or  ceramics,  will,  when  subjected  to  non- 
repetitive  transients,  either  foil  by  puncture  of  the 
dielectric  or  not  foil  at  all.  Typically,  a  capacitor 
can  withstand  short -duration  transient  voltages  sev¬ 
eral  times  greater  than  the  dc  rating  of  the  insulation. 
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The  pulse-breakdown  rating  of  the  dielectric,  however, 
is  not  a  constant  ratio  to  the  dc  voltage  rating,  nor  is 
it  normally  part  of  any  manufacturer’s  specification. 
Accordingly,  it  is  safest  to  consider  that  such  a  capac¬ 
itor  is  in  danger  of  failure  if  the  pulse  voltage  exceeds 
the  dc  rating  of  the  capacitor. 


Fig.  17.33  Plot  of  tp/t,  versus  Vo/Vbd  for  values 
of  Vq/Vbd  le»s  than  2  [17.20]. 


Fig.  17.34  Damage  thresholds  of  SN  55107 
line  receivers  [17.21] 


Fig.  17.35  Damage  thresholds  of  SN  55109 
line  drivers  [17.22]. 


S.l  I  10  100 

rmii  DURATION  —  MtCROMCONOI 

Fig.  17.36  Damage  thresholds  of  CD  4050 
AE  hex  buffers  [17.23]. 

Electrolytic  capacitors:  Electrolytic  capacitors,  on 
the  other  hand,  do  not  experience  abrupt  failure  when 
exposed  to  short-duration  transients.  If  the  voltage 
across  the  capacitor  exceeds  the  voltage  used  to  form 
the  dielectric  film,  the  dielectric  film  begins  to  con¬ 
duct.  After  the  pulse  has  disappeared,  the  dielectric 
returns  to  nearly  its  normal  state.  During  the  tran 
sient  period  the  dielectric  film  can  carry  substantial 
transient  current  without  permanent  or  catastrophic 
degradation. 

Transients,  however,  may  lead  to  increased  leak¬ 
age  currents.  An  example  of  data  that  is  available  re- 
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lates  to  a  series  of  tests  made  on  tantalum  electrolytic 
capacitors  of  value  0.47  pF,  0.047  /xF,  and  0.0047  pF 
with  a  dc  voltage  rating  of  350  V  [17.24].  The  data  in¬ 
dicate  that  failure  (defined  as  a  iubsta"tial  increase  in 
the  leakage  current  at  voltages  of  less  than  350  V)  can 
generally  be  associated  with  the  time  during  which  in¬ 
ternal  conduction  occurs.  For  these  components,  con¬ 
duction  was  initiated  at  3  to  4  times  the  voltage  rating. 
Leakage  current  increased  continuously  with  time  of 
conduction,  from  initial  values  of  a  few  nanoamperes 
through  milliamperes. 

The  value  of  the  capacitance  determines  how 
quickly  the  voltage  across  the  capacitor  reaches  the 
breakdown  voltage  range.  90  to  140  V,  which  then  re¬ 
lates  to  the  time  of  conduction  and  the  extent  of  dam¬ 
age.  Fig.  17.37  shows  the  data  for  the  nine  0.0047 
fiF  capacitors  tested.  For  a  particular  pulse  duration 
of  5  fis.  an  increase  in  leakage  current  is  expected;  for 
pulse  voltages  of  100  to  150  V  and  ior  pulses  of  150  to 
200  V,  an  increase  in  leakage  current  to  milliamperes  is 
possible.  It  is  cautioned  that  this  behavior  may  not  be 
readily  extended  to  capacitors  of  different  materials  or 
construction.  The  capacitor  data  remains  insufficient 
to  draw  general  conclusions  as  to  system  implications 
at  this  time. 


•  I0v»  *  Awl  Puli*  Width 


Fig.  17.37  Pulse  test  data  for  0.0047  pF  tantalum 
electrolytic  capacitors  (17.25]. 


17.7  Failure  Mechanisnw-Other  Components 

A  limited  amount  of  pulse  test  data  is  available 
for  various  non  semiconductor  electronic  circuit  com¬ 
ponents.  These  data  were  mostly  obtained  by  testing 
with  a  square-wave  pulse  input  of  1  to  10  pa  dura¬ 
tion  and  up  to  1  kV  peak.  As  would  be  expected,  not 
all  such  components  are  invulnerable  to  pulses  of  this 
shape.  The  test  results  for  several  kinds  of  compo¬ 
nent  are  presented  in  Table  17.7.  The  test  conditions 


consisted  of  an  8  ps,  1  kV  pulse  applied  10  times  to 
each  device.  In  the  case  of  multiterminal  components, 
several  pairs  of  terminals  were  tested  in  this  manner. 


Table  17.6  Accuracy  of  K  Factors  Determined 
by  Indirect  Methods  [17.14] 


Device 

Number 

K 

BV 

EBO 

BV 

CBO 

BV 

CEO 

Reference 

Source 

TI4B7 

4.5 

6. 

80. 

60. 

SP 

7IXMI01 

.01 

.3 

15. 

7. 

SP 

SW3042 

.1 

-- 

- 

ox 

SP  -  SAP-1  Computer  listing  from  SAP-1  Computer 
Code  Manual,  U.S.  Air  Force  Weapons  Labora¬ 
tory,  1972. 

DX  -  Experimental  data  from  DASA  (Defense  Atomic 
Support  Agency)  Handbook  [17.9]. 


Conditions 

Accuracy 

^imb 

50<«jt<200 

Factor  of  2 

200  <  0jt  <  500 

Factor  of  10 

«js  >  500 

Fictor  of  30 

Kcu. 

Fictorof  3 

KcJ 

Vhd<10 

Ftctot  of  30 

!0<Vbd<200 

Ftctor  of  10 

200  <Vbd<  2000 

Fictorof  3 

Kimb  *  K  II  dittrmlntd  (ram  B  j, 

Kcu*  *  *  *i  duttmlmd  from  4jc 

K'gj  ■  K  dallnniiMd  from  junction  cipiclunci 


17.8  Examples  of  Use  of  Damage  Constants 

Some  examples  follow  of  how  the  preceding  mate¬ 
rial  may  be  used  to  determine  whether  or  not  a  given 
transient  will  cause  damage  to  semiconductors. 

Rolay:  The  first  circuit  chosen  for  analysis.  Fig.  17.38, 
is  a  simple  remote-controlled  relay.  Across  the  termi¬ 
nals  of  the  relay  coil  there  is  a  diode  which  would  be 
exposed  to  the  same  transients  as  those  to  which  the 
coil  is  exposed.  The  analysis  approach  that  will  be 
taken  is  first  to  calculate  the  current  level  that  would 
cause  the  diode  to  fail  and  then  to  see  whether  or  not 
the  transient  voltage  source  could  supply  that  current. 
It  will  be  assumed  that  the  oscillatory  pulse  is  i>  tran¬ 
sient  of  1  MHt  frequency  or  1  pa  period.  At  this  fre¬ 
quency  the  inductive  reactance  of  the  relay  coil  would 
be  sufficiently  large  that  the  relay  could  be  neglected. 

The  current  required  to  cause  failure  at  time,  t, 
would  be 


/,= 


Kf'!2 

Vbd 


(17.22) 
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For  a  1N540  diode,  the  reverse  breakdown  voltage, 
Van,  is  400  V  and  the  damage  constant,  K,  is  0.93 
(See  Table  17.4).  If  a  200  ns  pulse  is  used  to  approx¬ 
imate  a  1  MHz  damped  sine  wave,  the  failure  current 
for  the  diode  would  be 


If  — 


0.93  (2  x  IQ-7)-1/2 


400 


5.2  A 


(17.23) 


Assume  now  that  the  impedance  of  the  source  from 
which  the  voltage  transient  generated  is  10  ohms.  The 
voltage  required  to  produce  a  current  of  5.2  A  through 
the  diode  would  be 


k^Tr»n»i«ht  ~  VbD  +  fTraniient -^Source  (17.24) 
VnruslMU  ~  452V 

Therefore,  a  single  452  V  pulse,  200  ns  wide  or  a  1 
MHz  damped  sine  wave  having  a  peak  amplitude  of 
452  V  would  cause  the  diode  to  fail. 


i  „  I TRANSIENT 

5  *  SOURCE 

J-** 

2 

.0,  INS4ol 

L  j 

1 

L.  1  1 

TRANSIENT 

1 VSD  j 

L  j  _  ' 

1 

3  RELAY 


Fig.  17.38  Simple  remote-controlled  relay  [17.27]. 


Phase  splitter:  The  second  circuit  chosen  for  analysis 
is  the  simple  phase-splitter  amplifier  shown  in  Fig. 
17.39.  The  first  step  in  determining  the  input  current 
required  for  damage  is  to  simplify  the  circuit.  Again 
assume  that  the  voltage  source  producing  the  transient 
is  a  damped  sine  wave  of  1  MHz  frequency.  At  such 
a  frequency  the  reactances  of  capacitors  C\  and  Cj 
will  be  so  small  that  they  may  be  neglected.  Likewise 
the  12V  power  supply  line  can  be  considered  to  be  at 
ground  potential. 


The  resultant  circuit  after  simplification  is  shown 
in  Fig.  17.40.  The  circuit  can  be  further  simplified 
by  determining  the  equivalent  resistances  for  the  base 
and  collector  circuits.  The  base-emitter  junction  and 
the  base-collector  junction  can  also  be  replaced  by 
their  diode  equivalents  to  represent  operation  in  the 
breakdown  regions.  This  simplified  circuit  is  shown  in 
Fig.  17.410.  Also  shown  in  the  figure  are  the  break¬ 
down  voltages  and  damage  constants  for  the  2N706B. 
Note  that  for  this  transistor  a  damage  constant  for  the 
collector-base  junction  is  available,  though  not  listed 
in  Table  17.5. 


2NT04:  Ke|  -  0.0075  wotlW'4  BVHO  ■  3V 
Kd  *  0.051  watt-MC*  »VC|Q  ■  3SV 


Fig.  17.41  Farther  simplification  of  phase-splitter 
circuit  [17.30]. 


The  circuit  is  now  simplified  to  the  point  where 
it  lends  itself  easily  to  hand  analysis.  The  next  step 
is  to  determine  which  junction  will  fail  and  what  the 
failure  mode  is.  The  passive  components  aie  generally 
able  to  withstand  higher  energies  for  short-duration 
pulses  than  can  transistors.  Therefore,  the  transistor 
is  the  element  to  consider  for  damage.  Failure  is  also 
assumed  to  occur  in  the  reverse  biased  direction. 

Using  the  Wunsch  damage  model  (P  ■> 
a  calculation  is  made  to  see  whether  the  emitter-base 
junction  or  the  collector-  base  junction  would  fail  first. 


Peb  =  Kent’117  «  17Wr  (17.25) 
Pen  *  A'csf *  1/2  *  1301V  (17.26) 


Fig.  17.39  Phase-splitter  circuit  (17.28). 
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This  calculation  shows  that  the  emitter-base  junc¬ 
tion  is  the  more  susceptible.  The  current  required  to 
fail  the  emitter-base  junction  would  be: 

IjF  =  ^  =  3.4  A  (17.27) 

The  voltage  from  the  base  to  ground  is 

Vbase  =  BVebo  4-  I)fReq2  =  1-SArV.  (17.28) 
The  current  through  the  collector-base  junction  is 

lCD  -  Vbas.e  ~  BV£BO  =  3  7A  (17 .29) 

REQ3 

The  power  dissipated  in  the  collector-base  junction  is 


Pcb  =  BVcboIcb  =  9ZW  (17.30) 

which  is  below  its  failure-threshold  power. 

The  total  current  into  the  circuit  is  then 

ftranaient  =  IjF  +  ICB  +  ^  (17.31) 

tf-tq  1 

and  the  irr*n»ient  voltage  required  to  cause  failure  is 


^Trantient  =  ^BASE  +  /Tr*a»l*nt Source  =  2.5kV 

(17.32) 


Therefore  (assuming  a  100  ohm  source  impedance)  a 
2.5  kV  pulse,  200  ns  wide,  will  cause  the  transistor  to 
fail. 


Tabls  17.7  Damage  Test  Results  for  Non-semiconductors  [17.26] 


Dark*  Typ« 

Manufacturer 

Mamtfactunr'e 
Pert  Number 

Proper  li*f 

Tett  Reeulte 

Capacitor 

CoriMil-Oublitr 

CIOOK 

10  pF 

Cipicllor 

Cornell-Dubiier 

CK62  Series 

4700  pF.  500  Vdc 

No  change  in  capacity 

Opicilor 

Opicilor 

Spri|ut 

WES  CAT 

96P  Sariei 
KF223KM 

l«iF,200Vdc 

0022  |iF,  600  Vdc 

or  leakaie  rettetanee 

Coilini 

240.252440 

220  uK  \ 

No  chanfa  In  Inducunce 

Coll 

CotUmi 

5424916402 

2pHI0>Hs  J 

or  rettetanee 

filler 

Bundy 

21452640 

Notch  400  end  1200  Hit 

No  change  tat 

filler 

Potentiometer 

Vero 

Computer  liute. 

9544429400 

MIS-178105 

■eadpeee  400  Hi 
4000  > 

1 

frequency  raponee 

Potentiometer 

Potentiometer 

Oiimite 

Oh  mite 

51927*1 

51927-3 

2500  \ 

25(1  1 

Nochaniee 

Relay 

RPI1573-G2 

Armature 

Wniifnci  iiKtmi' 

625  0  >6290 

Relay* 

CP.  Clare 

AS 245-1 

Armelure 

Ptetitann  hwnsee* 

414  0  >425  0 

■.« _ 

wniy 

Hathaway 

63462 

Mafnetk  Read 

Rattttanca  taweaee:  2  J* 

lUiey 

Potter  Brumfield 

FUM002 

AtefMlk  UuMii 

Rattetance  doacoam:<IW 

Relay 

TraMforwer 

i, 

ll 

FC6J6S 

07BZ222 

pM 

■ 

Nodw^M 

Ttsaeforaeer 

Diktrwta 

R 

No  chime  In  rettetanee 

Tksaafemer 

» _ -.a 

mw 

667431640 

1 

or  rot  tepee,  no  ardu| 

Tksstfoneer 

Veto 

950.1622*200 

s* 

durlnipnhM 

Tmwforww 

VteWMk  Tubs 
Vntnw  Tnkf 
Vkimmi  Till 

Vero 

9994197400 

6BX7 

5476 

6RC4 

Power,  botatioo.  So 
MedaTwia  1 
UHFHiahu  } 

Med  *T via  I 

p4oMi| 

Nochanpeln 

derreeee.  35* 

*Ardag  present  coedeasNy  *er  700  V  Hm. 
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Chapter  18 


TEST  TECHNIQUES  FOR  EVALUATION  OF  INDIRECT  EFFECTS 


18.1  Introduction 

The  purpose  of  this  section  is  to  discuss  some  of 
the  existing  test  techniques  for  evaluation  of  indirect 
effects  on  electrical  and  electronic  equipment,  and  to 
suggest  possible  avenues  of  improvement  in  some  of 
these  test  techniques.  Tests  that  might  be  performed 
on  individual  circuit  elements  are  described,  but  most 
of  the  material  will  deal  with  tests  that  might  be  made 
upon  individual  pieces  of  electronic  equipment  or  upon 
interconnected  electronic  subsystems. 

Test  techniques  are  still  evolving  and  complete 
standardization  has  not  yet  been  achieved.  Practices 
discussed  in  standards  and  specifications  may  not  yet 
address  all  the  necessary  aspects  of  lightning  indi¬ 
rect  effects  and  interactions.  Ambiguities  and  con¬ 
flicts  between  standards  and  specifications  abound. 
Often,  purchase  specifications  refer  to  inappropriate 
standards  and  call  for  tests  that  have  little  technical 
justification  and  may  result  in  excessively  costly  test 
programs. 

Some  test  equipment  is  available  commercially, 
but  most  testing  involves  equipment  fabricated  in  in¬ 
dividual  testing  laboratories.  Standards  and  guides  do 
not  yet  exist  that  give  specific  construction  details  for 
test  equipment  and  as  a  result  different  laboratories 
may  employ  quite  different  equipment  to  perform  the 
same  general  type  of  test. 

18.2  Types  of  That 

The  various  types  of  test  that  might  be  performed 
on  aircraft  electronic  systems  are  described,  in  general 
terms,  in  the  following  material.  Detail  on  conducting 
some  of  these  tests  are  discussed  in  later  sections. 

18.2.1  Pin  Injection  of  Transient* 

Direct  injection  of  transients  into  the  input  and 
output  terminals  of  devices,  Fig.  18.1,  is  an  appro¬ 
priate  way  of  determining  whether  the  equipment  will 
be  damaged  by  transients,  but  is  generally  not  an  ap¬ 
propriate  method  of  testing  for  circuit  upset  since  the 
low  impedance  transient  generator  may  adversly  load 
the  circuits  under  test.  Furthermore,  verification  of 
individual  circuit  and  component  damage  tolerance  to 
the  specified  test  level  becomes  less  certain  due  to  the 
multiple  current  paths  in  interconnected  circuits.  The 


most  common  type  of  test,  Fig.  18.1(a),  involves  com¬ 
mon  mode  injection  of  transients,  but  differential  in¬ 
jection,  Fig.  18.1(b)  can  also  be  done. 


^  )  Fig.  18.1  Pin  injection  tests. 

(a)  Common  mode  injection 

(b)  Differential  injection 


Ibsts  may  involve  injection  of  specified  voltages 
or  specified  currents,  though  care  must  be  taken  in 
specifications  to  avoid  wording  that  can  be  interpreted 
as  requiring  a  specified  voltage  to  be  developed  across 
a  lead  that  is  shorted  to  ground  or  requiring  a  specified 
current  to  flow  into  a  lead  that  presents  an  open  circuit 
or  high  impedance.  Such  erroneous  specifications  can 
be  avoided  by  specifying  the  transient  in  terms  of  its 
open  circuit  voltage,  and  its  short  circuit  current,  as 
discussed  in  §18.8,  or  in  terms  of  equivalent  generator 
source  impedance. 

Techniques  for  pin  injection  test  are  discussed  fur¬ 
ther  in  §18.5. 

18.2.3  Transformer  Injection 

Transformer  injection  might  logically  be  consid¬ 
ered  as  a  simulation  of  magnetic  field  effects,  but  it 
is  useful  whenever  transient  tests  must  be  done  on  an 
interconnected  system,  whatever  might  be  the  source 
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of  the  transient  on  the  actual  system.  Such  a  situa- 
ion  occurs  whr~  a  system  must  be  evaluated  for  up- 
ine  i-  L  v  v..  F'j.'.  1°  **  involves  a  pulse- 
'•  r.  •  .!»  Ji.  'ij.  ■  .c  jiajse  generator. 

C.uren  .01.1  tue  pui  .  ... ..  „tcor  is  passed  through 
a  primary  winding  on  a  magnetic  core  and  sets  up 
a  magnetic  field  in  that  core.  If  the  core  is  placed 
around  a  cable  interconnecting  two  pieces  of  electronic 
equipment,  the  concentrated  magnetic  field  contained 
in  that  core  induces  current  or  voltage  in  the  intercon¬ 
necting  wiring  in  a  manner  very  similar  to  that  pro¬ 
duced  by  distributed  magnetic  flux  from  an  external 
lightning  source. 


(a)  Injection  of  voltage 

(b)  Injection  of  current 


Tests  may  involve  injection  of  voltages  and  cur¬ 
rents  into  unshielded  cables,  Fig.  18.2(a),  or  injection 
of  currents  into  the  shields  of  cables,  Fig.  18.2(b). 
Some  tests  involve  injection  of  transients  into  several 
cables  simultaneously,  Fig.  18.3.  Tests  may  either  be 
done  either  at  levels  appropriate  to  check  for  system 
upset  or  at  higher  levels  to  check  for  system  damage. 
When  injecting  current  into  several  cables  of  an  inter¬ 
connected  system  there  may  be  problems  of  how  to 
control  the  division  of  current  among  the  various  ca¬ 
bles.  Some  of  these  problems  are  discussed  in  §18.7.1, 
but  there  are  not  yet  standardized  procedures  for  deal¬ 
ing  with  interconnected  systems. 

Procedures  for  conducting  transformer  injection 
tests  are  discussed  further  in  §18.6. 

Transformers  work  best  for  injection  of  current. 
Injection  of  voltage  transients  may  be  hampered  by 


distortion  caused  by  saturation  of  the  transformer. 
Factors  affecting  the  performance  of  injection  trans¬ 
formers  are  discussed  in  §18.3. 


Fig.  18.3  Injection  into  several  cables  simultaneously. 


18.2.3  Capacitive  Injection 


For  injection  of  high  frequency  voltages  and  cur¬ 
rents,  capacitive  injection,  shown  in  Fig.  18.4,  can  be 
considered  as  a  simulation  of  electric  field  effects.  Dis¬ 
crete  capacitors,  Fig.  18.4(a),  are  appropriate  for  in¬ 
jection  into  individual  conductors.  Where  connection 
of  a  discrete  capacitor  might  upset  the  circuit,  an  al¬ 
ternative  would  be  to  use  a  distributed  capacitor,  Fig. 
18.4(b).  The  distributed  capacitor  is  also  appropriate 
for  injection  into  a  group  of  conductors.  Tests  may  be 
done  either  to  check  for  system  upset  or  to  check  for 
system  damage. 


Transient  Generator  (TO) 


distributed 

capacitor 


EUT1 


EUT2 


(^)f  rrrrr\rkryrrrrrwrrrt9ffff19J99rJ9f999\ 

Fig.  18.4  Capacitive  injection. 

(a)  Discrete  coupling  capacitors 

(b)  Distributed  coupling  capacitance 
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Capacitive  injection  is  frequently  used  for  evalua¬ 
tion  of  NEMP  effects,  but  has  not  yet  become  widely 
used  for  evaluation  of  lightning  effects. 

18.2.4  Ground  Circuit  Injection 

This  might  be  considered  a  simulation  of  the  ef¬ 
fects  of  voltage  rises  that  occur  in  portions  of  the  air¬ 
craft  when  lightning  current  flows  through  the  aircraft. 
The  technique,  illustrated  in  Fig.  18.5,  involves  apply¬ 
ing  a  voltage  to  the  case  of  the  EUT  and  allowing  the 
transient  voltages  and  currents  to  distribute  among  the 
various  interconnecting  leads.  Leads  from  the  EUT 
that  are  normally  grounded  in  the  vicinity  of  the  EUT 
are  connected  to  the  EUT  for  the  test. 


Fig.  18.5  Ground  circuit  injection. 


The  ground  injection  test  is  one  that  is  generally 
made  on  a  functioning  system,  either  to  check  for  upset 
or  to  check  for  damage.  Test  procedures  are  discussed 
further  in  §18.7. 

18.2.5  Field  immersion  tests 

Most  lightning  transient  problems  arise  because 
of  energy  being  coupled  into  interconnecting  wires. 
For  assessing  this  interaction  the  injection  tests  de¬ 
scribed  above  are  appropriate.  They  do  not,  however, 
directly  check  for  leakage  of  electromagnetic  fields  into 
the  cases  housing  electronic  equipment.  These  leakage 
effects  can  be  checked  by  immersing  a  case  in  an  elec¬ 
tromagnetic  field  simulator,  the  elements  of  the  test 
being  shown  in  Fig.  18.6.  Checking  for  electric  field 
effects,  Fig.  18.6(a),  involves  placing  the  case  between 
two  plates  to  which  a  voltage  is  applied  of  magnitude 
sufficient  to  develop  the  required  electric  field.  Check¬ 
ing  for  magnetic  field  effects,  Fig.  18.6(b),  requires 
circulating  around  the  case  a  current  sufficient  to  gen¬ 
erate  the  required  magnetic  field. 

Some  tests  require  that  electric  and  magnetic 
fields  be  developed  simultaneously,  often  with  the  ratio 
E/H  =  377  ohms  associated  with  a  wave  propagating 
in  free  space.  Such  tests  can  be  made  with  strip  line 


test  cells,  as  sketched  in  Fig.  18.7.  Test  colls  can  be 
made  large  enough  to  hold  several  pieces  of  equipment, 
along  with  the  necessary  interconnecting  cables. 

Strip  line  test  cells  are  most  appropriate  for  evalu¬ 
ating  coupling  to  items  in  free  space  and  are  not  widely 
used  to  evaluate  lightning  indirect  effects  inside  air¬ 
craft,  where  E/H  is,  in  general,  not  377  ohms 

Field  immersion  techniques  are  discussed  briefly 
in  §18.8. 


(a)  Electric  fields 

(b)  Magnetic  fields 


Fig.  18.7  Combined  electric  and  magnetic  fields. 


18.2.6  Tests  on  Circuit  Elements 

Tests  are  sometimes  necessary  to  evaluate  break¬ 
down  voltages  and  currents  of  individual  circuit  el¬ 
ements,  such  as  resistors,  capacitors,  and  electrome¬ 
chanical  components,  or  to  evaluate  interface  protec¬ 
tion  for  more  complex  circuits.  Test  connections  are 
sketched  in  Fig.  18.8,  but  test  techniques  are  beyond 
the  scope  of  this  material.  Such  tests  can  also  be  used 
to  study  how  active  circuits  respond  to  various  tran¬ 
sients.  Examples  of  such  studies  are  given  in  (18.1)  and 
(18.2). 
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Fig.  18.8  Tests  on  circuit  elements. 


Results  from  such  upset  studies  are  generally  used 
during  circuit  development.  They  cannot  be  used  in 
lieu  of  tests  on  full  systems  since  there  may  be  inter¬ 
actions  among  the  interconnected  circuits  that  cannot 
be  revealed  by  tests  on  individual  protoype  circuit  el¬ 
ements. 

18.3  Transient  Generators 

Most  transient  generators  used  for  evaluation  of 
indirect  effects  employ  charged  capacitors  which  are 
discharged  into  waveshaping  circuits.  Much  of  the 
technology  is  basically  similar  to  that  used  in  the  1940s 
and  1950s  for  radar  modulators  and  described  in  [18.3]. 
Some  generators  for  complex  waveforms  use  waveform 
synthesizers  and  power  amplifiers.  Some  generators 
are  designed  for  only  single  shot  operation,  though 
some  are  designed  to  produce  a  series  of  similar  pulses. 
Very  few  operate  continuously.  Almost  all  generators 
operate  at  power  levels  greatly  exceeding  those  of  nor¬ 
mal  laboratory  signal  generators. 

18.3.1  Capacitor  Discharge  Generators 

Generators  may  be  designed  for  either  unidirec¬ 
tional  output  with  a  waveshape  approximating 

E  =  E0(f~ot  -  t~8t)  (18.1) 

or  for  oscillatory  output,  with  a  waveshape  approxi¬ 
mating 


E  =  Eo(e-at)sin(2nft}  (18.2) 

Specifications  for  oscillatory  waves  sometimes  express 
the  waveshape  as 

E  =  E0  [e-<*/‘/«)]  sin(27r/f)  (18.3) 

with  Q  governing  the  rate  of  decay  of  the  Oscillations. 
Specifications  commonly  cite  values  of  Q  =  6  to  Q  — 
24. 

Unidirectional  transients:  Basic  unidirectional  cir¬ 
cuits  are  shown  in  Fig.  18.9.  That  of  Fig.  18.9(a) 
uses  series  R  and  C  to  shape  the  front  of  the  wave 
and  has  an  output  impedance  that  is  largely  capac¬ 
itive.  That  of  Fig.  18.9(b)  uses  series  L  and  R  to 
shape  the  front  and  has  an  output  impedance  that  is 
largely  resistive.  The  component  values  are  approx¬ 
imately  those  required  to  produce  the  long  duration 
voltage  wave  discussed  in  §16.6.2.  Additional  factors 
governing  waveshape  were  discussed  in  §6.8. 
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Fig.  18.9  Generators  for  unidirectional  transients. 

(a)  RC  waveshaping 

(b)  LR  waveshaping 


Both  circuits  assume  the  energy  storage  capaci¬ 
tor  C  to  be  connected  to  a  charging  supply  through  a 
resistance  sufficiently  high  that  the  characteristics  of 
the  charging  supply  do  not  affect  the  waveshape.  They 
also  use  a  series  switch  5  to  connect  the  energy  storage 
capacitor  C  to  the  waveshaping  circuit  and  produce  a 
positive  output  for  a  positive  charging  voltage.  Re¬ 
versing  the  positions  of  C  and  5,  Fig.  18.10,  results  in 
a  negative  output  for  a  positive  input. 


Fig.  18.10  Grounded  switch  configuration. 
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Oscillatory  transients:  Basic  oscillatory  circuits  are  Prom  an  engineering  viewpoint  the  important 

shown  in  Fig.  18.11.  The  frequency  of  oscillation  is  points  axe  probably: 


*  ~  2ir/LC 

The  decrement  of  the  wave  may  be  controlled  either  by 
adding  series  or  parallel  resistance  or  by  the  residual 
losses  of  the  circuit  and  the  load  to  which  the  generator 
is  connected.  Most  commonly  the  intrinsic  losses  are 
enough  to  give  Q  «  6  and  high  enough  to  make  it  dif¬ 
ficult  to  achieve  Q  =  24.  Taking  the  output  from  only 
a  portion  of  L  results  in  a  lower  output  impedance  and 
makes  the  effect  of  load  resistance  less  noticeable,  but 
is  achieved  at  the  cost  of  reduced  output  magnitude. 

The  intrinsic  output  of  Fig.  18.11(a)  is  a  cosine 
wave,  not  the  sine  wave  commonly  cited  in  specifica¬ 
tions.  A  sinusoidal  outout  can  be  obtained  by  tak¬ 
ing  the  output  from  the  energy  storage  capacitor,  Fig. 
18.11(b),  using  a  blocking  capacitor  Cj,  to  avoid  cou¬ 
pling  the  dc  charging  voltage  to  the  output  circuit. 


(a)  Cosine  front 

(b)  Sine  front 


Questions  regarding  waveshape:  Specifications  on  os¬ 
cillatory  waveshapes  commonly  call  for  damped  sine 
waves  (Eqs.  18.2  or  18.3),  but  actually  obtaining  a 
true  sinusoidal  front  is  sometimes  difficult.  Sometimes 
second  order  effects  come  into  play,  particularly  with 
high  frequency  generators  and  result  in  waveforms  in 
which  the  highest  amplitude  of  the  transient  occurs 
not  on  the  initial  half  cycle,  but  on  a  subsequent  half 
cycle. 

A  common  deficiency  in  specifications  is  that  they 
do  not  give  tolerances  on  allowable  waveform  distor¬ 
tion.  While  specifications  usually  cite  Eq.  18.3,  that 
may  only  represent  convention  and  not  be  a  real  engi¬ 
neering  requirement.  A  better  specification,  from  the 
standpoint  of  those  making  tests,  would  often  be 

E  =  £0[<"('/,/9)]cos(27r/<)  (18.5) 


1.  Correct  maximum  amplitude  in  order  to  stress  the 
components  under  test. 

2.  Correct  decrement  of  the  wave,  over  the  first  few 
cycles,  in  order  to  maintain  stress  for  sufficient 
time. 

3.  Correct  frequency,  in  order  to  excite  internal  res¬ 
onances. 

Questions  for  those  preparing  specifications  or  re¬ 
quiring  tests  are: 

1.  Does  the  exact  shape  of  the  first  quarter  cycle 
make  any  practical  engineering  difference? 

2.  Does  the  exact  shape  of  the  first  few  cycles  make 
any  practical  engineering  difference? 

3.  Does  a  test  wave  with  a  front  that  approximates 
a  cosine  wave  suffice  to  satisfy  a  test  requirement 
that  calls  for  a  sine  wave  defined  by  Eq.  18.3? 

4.  Does  the  fact  that  a  test  wave  achieves  its  max¬ 
imum  amplitude  later  than  the  first  half  cycle 
make  any  practical  engineering  difference? 

18.3.2  Switches  for  Generators 

Several  types  of  switch  can  be  used  for  capacitor 
discharge  generators.  The  best  discussions  of  various 
types  of  switche  are  apt  to  be  found  in  the  older  lit¬ 
erature,  such  as  [18.1].  In  oscillatory  circuits,  losses 
associated  with  switches  are  one  of  the  major  factors 
governing  the  Q  of  the  circuit. 

Spark  gaps:  Higher  power  generators,  those  operat¬ 
ing  at  voltages  greater  than  *  3  -  5  kV,  commonly 
use  spark  gaps  as  switches.  They  may  be  triggered 
gaps  fired  by  applying  a  pulse  to  a  trigger  electrode, 
gaps  that  self-fire  when  the  voltage  across  the  energy 
storage  capacitor  exceeds  the  breakdown  voltage  or 
by  mechanically  closing  the  electrodes  until  sparkover 
takes  place. 

Gaps  in  air  are  the  simplest  to  build,  but  with 
high  power  generators  may  cause  enough  audible  noise 
to  be  disturbing  to  those  nearby.  Commercially  avail¬ 
able  triggered  gaps  are  generally  enclosed. 

Mechanically  doted  twitches:  The  easiest  method 
of  switching  is  simply  to  bring  two  contacts  together 
mechanically  until  they  are  close  enough  for  an  arc  to 
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form  between  the  contacts.  With  high  power  genera¬ 
tors  the  contacts  may  bum  and  become  ragged,  but 
since  operation  is  quite  intermittent,  cleaning  from 
time  to  time  with  sandpaper  or  a  file  is  sufficient  to 
restore  the  switch.  Rotating  contacts  can  be  used  to 
produce  multiple  pulses.  Immersing  the  contacts  in 
insulating  oil  can  reduce  the  arcing  that  takes  place  as 
the  contacts  close, 

Mercury  switches:  Switches  with  mercury  wetted 
contacts  are  useful  for  low  power  generators  operating 
at  a  few  hundred  volts,  largely  because  the  contacts 
switch  cleanly  and  do  not  bounce. 

Thyratrons:  Hydrogen  thyratrons,  such  as  the  5C22, 
are  suitable  for  operation  at  up  to  about  10  -  15  kV 
and  peak  currents  of  several  hundred  amperes.  The 
miniature  2D21  is  suitable  up  to  about  1000  V  and 
peak  currents  of  several  tens  of  amperes.  Both  will 
switch  in  about  20  ns.  For  operation  in  oscillatory 
generators  a  free-wheeling  diode,  Fig.  18.12,  is  neces¬ 
sary. 


Fig.  18.12  Thyratron  switch  with  free 
wheeling  diode. 

Thyristors:  Low  power,  sensitive  gate  thyristors  are 
suitable  for  charging  voltages  up  to  about  1000  V  and 
discharge  currents  of  several  tens  of  amperes,  They 
may  also  be  operated  in  series  for  higher  voltages. 
Switching  time  can  be  on  the  order  of  100  ns,  though 
care  must  be  taken  to  give  sufficient  gate  drive.  Free¬ 
wheeling  diodes  are  necessary  for  use  in  oscillatory  cir¬ 
cuits. 

18.3.3  Generators  Using  Power  Amplifiers 

Some  waveforms  are  difficult  to  produce  using  ca¬ 
pacitor  discharge  circuits,  particularly  the  higher  fre¬ 
quency  oscillatory  waveforms.  Capacitors  must  be 
small  to  obtain  the*high  frequency  and  consequently 
store  little  energy.  Switches  may  not  change  state  fast 
enough  and  circuit  losses  may  be  high,  precluding  the 
generation  of  transients  with  little  damping,  high  Q. 


Some  of  these  problems  can  be  overcome  by  gen¬ 
erating  the  waveforms  at  low  levels  and  using  power 
amplifiers  to  couple  the  signal  to  the  circuit  under  test. 
Amplifier  aided  circuits  are  also  useful  if  the  intent  is 
to  generate  square  waves  or  complex  waves  other  than 
double  exponential  or  damped  oscillatory. 


Waveform  generation:  Two  basic  approaches  are  pos¬ 
sible.  One,  Fig.  18.13(a),  involves  direct  generation  of 
the  desired  waveform,  followed  by  linear  amplification. 
The  other,  Fig.  18.13(b),  involves  modulation  of  a  si¬ 
nusoidal  input,  followed  by  amplification.  Waveforms 
for  (a)  may  be  generated  by  switching  of  R,  L  and  C 
circuits  or  by  digital  synthesis  with  arbitrary  waveform 
generators.  Modulation  may  be  either  by  direct  am¬ 
plitude  modulation  or  by  multiplication  of  a  sinusoidal 
wave  by  the  desired  modulating  pulse. 
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Fig.  18.13  TVansient  generation  with  amplifiers. 

(a)  Direct  amplification 

(b)  Modulation  of  a  sine  wave 


Amplifiers:  Most  indirect  effects  testing  calls  for  high 
voltage  and  high  current  output  from  the  amplifier. 
While  average  power  levels  may  be  low,  peak  power 
levels  may  be  several  tens  of  kilowatts.  Amplifiers  gen¬ 
erally  use  high  voltage  vacuum  tubes  of  the  type  used 
for  broadcast  transmitters.  Vacuum  tube  amplifiers 
are  well  adapted  to  delivering  high  voltages,  but  many 
designs  are  not  capable  of  delivering  high  short  cir¬ 
cuit  currents.  Size,  complexity  and  cost  of  high  power 
amplifiers  are,  in  any  case,  great. 


18.3.4  Multiple  Pulse  Generators 

Some  tests  require  injection  of  a  group  of  pulses, 
most  commonly  to  simulate  the  effects  of  the  multiple 
stroke  and  multiple  burst  portions  of  the  standardized 
lightning  environment  discussed  in  §5.5.6.  If  equip¬ 
ment  is  to  be  subjected  to  multiple  pulses  there  may 
be  little  point  in  requiring  single  pulses  as  well. 


Reasons  for  multiple  pulses:  Reasons  for  injecting 
multiple  pulses,  rather  than  just  single  pulses  or  single 
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pulses  repeated  slowly,  include  the  following: 

1.  Multiple  test  pulses  better  evaluate  the  thermal 
duty  on  objects  under  test.  Multiple  pulses  of 
actual  lightning  occur  sufficiently  fast  that  objects 
do  not  cool  off  between  pulses. 

2.  Some  types  of  system,  analog  systems  in  partic¬ 
ular,  respond  to  the  cumulative  effect  of  rapidly 
applied  disturbances. 

3.  Some  types  of  device  are  more  susceptible  to  phys¬ 
ical  damage  at  certain  points  in  a  cycle.  Semi¬ 
conductors  in  particular  are  most  susceptible  to 
damage  when  they  are  changing  from  one  state  to 
another. 

4.  Some  types  of  device  are  more  susceptible  to  mo¬ 
mentary  upset  at  certain  points  in  a  cycle.  Digital 
devices  in  particular  are  most  susceptible  to  upset 
when  they  are  changing  state. 

5.  Some  types  of  system  are  more  susceptible  to  up¬ 
set  at  certain  points  in  a  cycle  when  interface  cir¬ 
cuits  are  sampled  or  refreshed  at  periodic  inter¬ 
vals. 

Sometimes  the  multiple  pulses  can  be  generated 
by  using  low  impedance  charging  networks  so  that  a 
single  energy  storage  capacitor  can  be  charged  and  dis¬ 
charged  rapidly.  This  may  be  difficult  to  do,  particu¬ 
larly  at  high  power  levels,  since  instantaneous  charging 
currents  of  hundreds  or  thousands  of  amperes  may  be 
drawn  from  the  power  mains  feeding  the  laboratory. 

An  alternative  technique  is  to  use  many  energy 
storage  capacitors,  charge  them  slowly,  and  then  dis¬ 
charge  them  one  by  one  into  the  circuit  under  test. 

Random  pulsing:  Questions  regarding  total  number 
of  pulses  and  repetition  rate  are  still  being  resolved. 
The  most  common  practice  for  multiple  stroke  tests 
presently  requires  injecting  24  pulses  into  the  circuit, 
with  the  pulses  spaced  over  a  period  not  to  exceed  two 
seconds.  Some  suggestions  have  been  made  that  the 
pulses  be  irregularly  distributed  to  avoid  any  prob¬ 
lems  of  synchronization  with  computer  clock  cycles. 
The  term  random  has  been  used,  but  random  implies  a 
certain  mathematical  distribution,  and  raises  the  ques¬ 
tion  of  how  often  the  tests  must  be  repeated  to  obtain 
a  truly  random  distribution. 

Most  commonly  the  concern  is  really  only  that 
the  pulses  not  be  precisely  spaced  in  time,  or  precisely 
synchronized  to  any  particular  digital  clock  frequency. 
It  is  best  to  avoid  the  term  random  and  require  only 


that  the  pulses  be  distributed  over  a  certain  period  of 
time. 

The  matter  may  not  be  of  critical  importance 
since  spark  gaps  in  generators  may,  without  any  spe¬ 
cial  attention,  jitter,  or  switch  irregularly,  on  the  scale 
of  microseconds,  even  though  the  basic  switch  timing 
is  fixed  on  a  scale  of  milliseconds. 

Standards  do  not  presently  deal  with  the  question 
of  spacing  between  pulses  or  the  degree  of  randomness. 
If  the  matter  is  of  actual  importance,  it  should  be  dis¬ 
cussed  in  the  test  plan. 

18.3.5  Source  Impedance  of  Generators 

Present  standards  specify  certain  open  circuit 
voltages  and  short  circuit  currents,  but  do  not  explic¬ 
itly  deal  with  the  required  source  impedance  of  tran¬ 
sient  generators.  Taking  Table  16.2  as  an  example,  the 
implied  generator  impedances  are  as  follows. 

1.  For  Waveform  1  (Fig.  16.12),  which  is  representa¬ 
tive  of  coupling  by  IR  voltages  and  apertures,  the 
impedance  should  be  in  the  range  0.1  -  0.3  ohms. 

2.  For  Waveform  2,  which  has  a  shape  proportional 
to  the  derivative  of  Waveform  1  and  is  repre¬ 
sentative  of  voltages  induced  magnetically  into 
unshielded  circuits,  the  impedance  should  be  5 
ohms. 

3.  For  Waveform  3,  which  is  somewhat  typical  of 
voltages  and  currents  actually  induced  into  air¬ 
craft  wiring  (perhaps  superimposed  on  a  wave¬ 
form  like  1  or  2),  the  impedance  should  be  25 
ohms. 

4.  For  Waveform  4,  which  is  somewhat  typical  of 
voltages  and  currents  induced  onto  shielded  wiring, 
the  impedance  should  be  5  ohms. 

5.  For  Waveform  5,  which  is  intended  to  represent 
the  effects  of  current  diffusing  and  redistributing 
through  a  resistive  aircraft  structure,  the  imped¬ 
ance  should  be  on  the  order  of  0.5  ohms. 

6.  The  specifications  given  in  Table  16.3  for  oscilla¬ 
tory  burst  waveforms  imply  a  source  impedance 
of  100  ohms,  an  impedance  different  from  the  25 
ohms  implied  in  Table  16.2. 

The  impedances  so  defined  represent  only  the  ra¬ 
tio  of  open  circuit  voltage  to  short  circuit  current  and 
should  not  be  taken  as  implying  that  the  impedance 
must  be  resistive.  Most  commonly,  the  impedance  of 
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practical  generators  will  be  inductive  and  short  circuit 
current  will  have  longer  front  and  decay  times  than 
open  circuit  voltage. 

Present  standards  discuss  generator  impedance, 
or  implied  generator  impedance,  in  terms  of  the  type 
of  waveshape  to  be  applied,  with  certain  waveforms 
having  been  chosen  in  an  attempt  to  address  the  type 
of  coupling  mechanism  involved.  As  examples,  Wave¬ 
form  2  is  primarily  intended  to  address  magnetic  field 
coupling  while  Waveform  5  is  intended  to  address  volt¬ 
age  rises  in  the  structure  of  the  aircraft. 

Linking  generator  impedance  to  waveforms  is  only 
an  indirect  method  of  addressing  the  generator  imped¬ 
ance  needed  to  evaluate  the  effects  of  different  cou¬ 
pling  mechanisms.  As  the  art  of  indirect  effects  testing 
evolves,  it  might  be  better  practice  to  discuss  imped¬ 
ance  directly  in  terms  of  the  type  of  coupling  mecha¬ 
nism  being  evaluated. 

18.4  Injection  Transformers 


The  most  common  method  of  performing  indirect 
effects  tests  involves  the  use  of  injection  transform¬ 
ers.  Two  basic  modes  of  c  ration  are  shown  in  Fig. 
18.14.  One  (a)  involves  injection  of  current  into  a 
shorted  conductor  and  the  other  (b)  involves  injection 
of  volcage  into  an  open  circuited  wire.  Most  commonly 
the  shorted  conductor  is  provided  by  an  overall  cable 
shield  grounded  at  each  end. 


Fig.  18.14  TVansformer  injection  of  transients. 

(a)  Injection  of  current 

(b)  Injection  of  voltage 


Operation  follows  the  same  physical  laws  govern¬ 
ing  any  magnetic  circuit,  but  the  mode  of  operation  is 
different  in  two  respects  from  that  normally  involved 
in  transformers.  First,  since  the  purpose  is  to  inject 
transients  into  interconnecting  wire  bundles,  there  is 
a  practical  limit  to  the  number  of  turns  that  can  be 
placed  on  the  core  of  the  injection  transformer.  Most 
operation  involves  passing  the  bundle  through  the  core 
only  once,  or  at  most  a  very  few  times,  unlike  conven¬ 
tional  transformers  which  employ  windings  of  many 
turns.  Second,  the  transformer  is  generally  energized 
with  a  driving  current,  unlike  conventional  transform¬ 
ers  which  are  usually  energized  by  voltage  sources. 

Each  current  carrying  conductor  passing  through 
the  magnetic  core  sets  up  a  magnetic  flux.  When  in¬ 
jecting  current  into  a  shorted  conductor  the  induced 
current  tends  to  have  the  same  waveshape  as  the  driv¬ 
ing  current  and  the  two  components  of  flux  tend  to 
cancel,  leaving  a  small  net  magnetic  flux  in  the  core. 
When  injecting  voltage  into  an  open  circuited  conduc¬ 
tor  there  is  no  cancelling  flux.  The  amount  of  voltage 
that  can  be  induced  is  limited  by  the  amount  of  flux 
that  can  be  supported  by  the  core. 

18.4.1  Basic  Principles  of  Magnetic  Circuits 

An  elementary  magnetic  circuit  is  shown  in  Fig. 
18.15.  Quantities  that  define  the  core  include  the 
length  of  the  magnetic  path,  /,  and  the  cross  sectional 
area,  A,  of  the  core.  If  the  core  has  a  large  cross  sec¬ 
tion,  the  average  length  measured  around  the  center 
of  the  core  iB  the  quantity  of  interest.  Scientific  us¬ 
age  generally  uses  rationalized  units  with  dimensions 
in  meters.  Specifications  relating  to  magnetic  material 
commonly  use  unrationalized  units  with  dimensions  in 
centimeters.  Inches  are  frequently  used  in  engineering 
design. 
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Fig.  18.15  Factors  governing  magnetic  circuits. 


Total  magnetizing  force:  The  total  magnetizing  force 
around  the  length  of  the  core,  MMF ,  may  be  given 
in  ampere-turns,  NI  or  in  gilberts,  OAnNI.  If  there 
is  an  air  gap  in  the  magnetizing  circuit,  a  large  por¬ 
tion  of  the  total  magnetizing  force  may  be  needed  to 
force  magnetic  flux  across  the  air  gap,  even  though 
the  length  of  the  air  gap  is  very  small  compared  to  the 
total  distance  around  the  length  of  the  core. 


Magnetizing  force  per  unit  length:  The  magnetizing 
force  acting  on  the  magnetic  material  is 


H  = 


NI 

l 


(1S.6) 


and  may  be  measured  in  ampere-turns  per  meter, 
ampere-turns  per  centimeter  or  in  ampere-turns  per 
inch.  In  material  specifications  it  is  commonly  mea¬ 
sured  in  oersteds  or  gilberts  per  centimeter. 


_  OAnNI 

■“gilbertg/cm  — 


(18.7) 


v  =  N7t 

A^=  —  /  Vdt  webers 
A<t>  =  J  Vdt  lines 


(18.9) 

(18.10) 

(18.11) 


Developing  a  transient  voltage  of  given  volt-second 
product  in  a  transformer  thus  absolutely  requires  a 
given  net  change  in  magnetic  flux.  If  the  core  cannot 
sustain  the  requisite  flux,  the  voltage  cannot  be  gen¬ 
erated.  As  an  example,  a  rectangular  pulse  of  voltage, 
Fig.  18.16(a)  with  an  amplitude  of  100  volts  and  a 
duration  of  10  ns,  would  have  a  volt-second  product 
of  10-3.  Developing  this  voltage  on  a  wire  passing 
through  an  injection  transformer  one  time  would  re¬ 
quire  the  flux  in  the  core  to  change  by  10*  lines,  or 
100  kilolines.  If  the  core  were  of  a  ferrite  material, 
one  in  which  the  residual  flux  from  previous  pulses  is 
small,  the  cross  sectional  area  would  have  to  be  about 
25  square  centimeters. 


Total  magnetic  flux:  Total  magnetic  flux  may  be  mea¬ 
sured  in  webers,  lines  (or  maxwells)  or  in  kilolines. 

1  weber  =  10®  lines  =  10*  kilolines  (18.8) 

Flux  density:  Flux  density  may  be  measured  in  teslas 
(webers  per  square  meter),  gauss  (or  lines  per  square 
centimeter)  or  in  lines  (or  kilolines)  per  square  inch.  In 
round  numbers,  a  core  made  of  grain  oriented  silicon 
steel  can  support  a  maximum  flux  density  of  about 
100  kilolines  per  square  inch  or  16  000  gauss.  A  ferrite 
core  can  sustain  a  maximum  flux  density  of  about  4000 
gauss. 

Relations  between  units: 

1  gilbert  =  1.257  ampere-turns 
1  oersted  =  1  gilbert/cm 
1  oersted  =  0.495  ampere- turns/in 
1  oersted  =  1.257  x  10”*  ampere-turns/m 
1  tesla  =  1  weber  per  meter2 
1  tesla  =  104  gauss 
1  tesla  =  1.550  x  10"®  lines/in2 
1  tesla  =  1.550  x  10-2  kilolines/in2 
1  kiloline/in2  =  155  gauss 

Voltage  vs.  flux:  The  relations  between  voltage,  V’, 
and  flux,  <t>,  are 


100V 
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) 

Fig.  18.16  Representative  transient  voltages. 

(a)  V  •  t  a  10-3  volt-seconds 

(b)  V  •  t  =  9.47  x  10-*  volt-seconds 

For  a  double  exponential  wave  defined  as 

V  =  V0  [<-“«-  «-*]  (18.12) 

the  total  volt-second  product  is 

r  V  =  Vo[1/q-1/0)  <18-13) 

Jo 

Developing  on  a  single  turn  a  voltage  with  a 
peak  amplitude  of  1000  volts,  a  front  time  of  6.4  n* 
and  a  time  to  half- value  of  70  /rs  (Vo  =  1093,  a  = 
11  354,  3  =  647  265,  volt-second  product  of  0.0947) 
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would  require  the  flux  to  change  by  9466  kilolines.  A 
ferrite  core  would  need  a  cross  sectional  area  of  about 
2400  square  centimeters,  or  about  350  square  inches, 
a  large  core  indeed! 

Voltage  vs  current:  A  given  magnetic  flux  in  a  trans¬ 
former  core  is  associated  with  a  given  magnetizing 
force  or,  for  a  fixed  number  of  turns,  a  given  mag¬ 
netizing  current.  It  follows  that  developing  a  pulse  of 
voltage,  Fig.  18.17(a),  having  a  certain  volt-second 
product,  requires  the  current  to  change  from  an  initial 
value,  zero  in  Fig.  18.17(b),  to  a  final  value.  Which 
comes  first,  voltage  or  current  is  somewhat  a  matter  of 
semantics.  One  can  say  that  a  magnetic  core  has  been 
carried  to  saturation  by  excessive  magnetizing  current, 
but  it  is  generally  most  helpful  to  consider  that  a  core 
has  been  carried  to  saturation  by  an  excessive  product 
of  voltage  and  time. 


(b)  Current 

Since  most  exciting  current  pulses  applied  to  in¬ 
jection  transformers  eventually  decay  back  to  zero,  it 
follows  that  a  collapsing  current  will  be  associated  with 
a  voltage  of  polarity  opposite  to  that  which  was  asso¬ 
ciated  with  the  rise  of  current.  Fig.  18.18  illustrates 
the  point.  The  voltage  pulse  will  be  underdamped 
with  the  positive  (Aj)  and  negative  (Ai)  lobes  having 
equal  volt-second  products. 

Phrased  another  way,  a  double  exponential  cur¬ 
rent  pulse  passed  through  the  primary  of  a  pulse  injec¬ 
tion  transformer  cannot  induce  a  unidirectional  volt¬ 
age  pulse  Of  the  same  waveshape  in  a  secondary  wind¬ 
ing. 


Fig.  18.18  Voltage  as  the  derivative  of  current. 

(a)  Current 

(b)  Voltage 


B-H  loops:  The  magnetic  characteristics  of  a  mag¬ 
netic  material  can  be  defined  by  its  B  —  H  loop,  Fig. 
18.19.  B  and  H  are,  respectively,  flux  per  unit  cross- 
sectional  area  and  magnetizing  force  per  unit  length 
of  path.  For  a  transformer  core  of  specific  dimensions 
the  loop  could  be  defined  in  terms  of  <t>  and  NI. 


For  an  initially  unmagnetized  core  a  current  pulse 
might  carry  the  magnetic  state  along  path  (a)  from 
point  0  to  point  1.  Removing  the  current  would  al¬ 
low  the  magnetic  state  to  follow  path  (b)  to  point 
2.  Assuming  that  point  1  represents  a  flux  density 
of  16  kilolines  per  square  centimeter  (16  000  gauss),  a 
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core  cross-sectional  area  of  592  cm2  (92  in2)  would  be 
needed  to  support  the  aforementioned  1000  volt  dou¬ 
ble  exponential  pulse.  In  the  context  of  indirect  ef¬ 
fects  testing,  that  represents  a  very  large  transformer 
core  and  explains  why  it  is  difficult  to  use  transformer 
coupling  techniques  to  develop  high  amplitude,  long 
duration  voltages  on  open-circuited  wires. 


Multiple  pulses:  The  problems  of  core  size  are  com¬ 
pounded  when  multiple  pulses  are  involved.  If  the  first 
pulse  carried  the  core  along  path  (a)  to  point  1,  a  sec¬ 
ond  pulse  of  the  same  magnitude  and  polarity  would 
have  to  carry  the  flux  along  path  (b)  to  a  point  far 
higher  than  point  1.  The  core  would  become  satu¬ 
rated,  the  magnetizing  current  would  become  limited 
by  the  characteristics  of  the  pulse  generator  and  the 
desired  voltage  pulse  would  not  be  developed. 

Full  use  of  a  transformer  core  for  injection  of  mul¬ 
tiple  pulses  would  require  pulses  of  opposite  polarity 
and  volt-second  product,  though  not  necessarily  of 
equal  magnitude  or  waveshape.  The  first  pulse  in  a  se¬ 
ries  would  carry  the  flux  to  point  1 ,  the  second  would 
carry  it  to  point  3  and  the  third  would  again  carry  it 
to  point  1. 


Measurement  of  B-H  loops:  B-H  loops  may  be 
measured  by  exciting  Ni  turns  on  a  primary  winding 
and  allowing  voltage  to  be  induced  in  a  second  wind¬ 
ing  of  Nj  turns,  as  shown  in  Fig.  18.20.  A  signal 
proportional  to  I  (and  hence  to  Nil  is  applied  to  the 
horizontal  input  of  an  oscilloscope  and  a  signal  pro¬ 
portional  to  the  integral  of  et  applied  to  the  vertical 
input. 


core  wound  from  grain  oriented  silicon  steel  of  0.36 
mm  (0.014  in)  thickness.  Fig.  18.22  refers  to  a  core 
made  from  [/-shaped  ferrite  blocks  joined  with  no  in¬ 
tentional  air  gap.  The  ferrite  core  provides  a  more 
linear  B  —  H  characteristic  than  the  steel  core  and  has 
lower  residual  flux  at  zero  magnetizing  force.  Other 
things  being  equal,  it  would  be  better  than  the  steel 
core  at  transforming  multiple  pulses. 

Ungapped  steel  cores  will  generally  have  a  large 
B  —  H  loop  and  a  large  remnant  flux.  A  gap  in  the 
core  would  reduce  the  remnant  flux  and  make  the  B  — 
H  loop  more  like  that  of  Fig.  18.22.  Some  ferrite 
cores  have  a  large  remnant  flux  and  some  do  not;  it 
depends  on  the  type  of  core  material.  Powdered  iron 
cores  would  have  a  small  remnant  flux. 


Fig.  18.20  Measurement  of  B-H  loop. 


Fig.  18.22  B-H  loop  of  a  gapped  ferrite  core. 


Examples  of  B-H  loops:  Figs.  18.21  and  18.22  show 
examples  of  B-H  loops  as  measured  with  the  above 
technique.  Fig.  18.21  refers  to  a  ungapped  toroidal 


Saturation  affects  whan  injecting  currant:  In  an  ideal 
situation,  Fig.  18.14(a)  the  induced  current  would  be 
equal  to  the  injected  current  (equal  turns  assumed) 
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and  have  the  same  v/aveshape.  Under  these  ideal  con¬ 
ditions  there  would  be  no  limit  to  the  amount  of  cur¬ 
rent  that  could  be  injected  by  a  core. 

In  practice,  two  factors,  shown  in  Fig.  18.23,  act 
to  limit  the  amount  of  current  that  may  be  trans¬ 
formed.  One  is  brought  about  by  the  resistance  of 
the  conductor  upon  which  current  is  induced.  Current 
through  that  resistance  develops  a  voltage  which  leads 
to  an  increase  in  core  flux,  even  though  the  induced 
voltage  may  be  distributed  along  the  conductor  and 
not  measurable.  The  other  is  that  the  magnitude  of 
the  induced  current  will  be  less,  by  virtue  of  leakage 
inductance,  than  the  inducing  current,  irrespective  of 
the  resistance  of  the  conductor.  The  net  result  is  that 
<j> 2  will  always  be  less  than  <j>\  and  will  eventually  de¬ 
cay  to  zero.  For  sufficient  J\  the  net  flux  in  the  core 
can  increase  until  the  core  is  saturated,  at  which  point 
transformer  action  ceases. 

Since  long  conductors  have  more  resistance  than 
short  conductors,  it  follows  that  it  is  harder  to  induce 
current  on  long  conductors  than  short  ones. 


Fig.  18.23  Effect  of  conductor  resistance 
on  core  flux. 


18.4.2  Equivalent  Circuits  of  Injection 
Transformers 


Some  of  the  parameters  affecting  the  response  of 
a  complete  current  injection  system  are  shown  in  Fig, 
18.24.  These  include  the  capacitance  of  the  storage 
capacitor;  the  inductance  of  the  leads  connecting  the 
storage  capacitor  to  the  transformer;  the  primary,  sec¬ 
ondary,  and  leakage  inductances  of  the  transformer; 
and  the  inductance  and  resistance  of  the  conductor 
under  test. 


Fig.  18.24  Factors  affecting  performance  of 
an  injection  transformer. 


The  characteristics  of  the  injection  transformer 
are  among  the  most  important  properties.  These  pa¬ 
rameters  relate  to  the  primary  and  secondary  induc¬ 
tances,  the  flux  in  the  transformer  core,  and  the  pro¬ 
portion  of  flux  produced  by  current  in  the  primary  that 
links  the  secondary  winding.  The  difference  in  these 
two  fluxes  is  the  leakage  flux,  and  it  is  the  leakage 
flux  that  prevents  the  secondary  current  from  being  as 
large  as  the  primary  current. 


Determining  inductance:  For  a  given  transformer,  the 
primary  and  secondary  magnetizing  inductances  may 
either  be  measured  on  an  inductance  bridge  or  be  de¬ 
termined  by  discharging  a  known  capacitor  through 
the  winding  and  observing  the  frequency  of  oscillation. 
The  magnetizing  inductance  can  also  be  determined 
from  the  average  slope  of  the  B  -  H  curve: 


L  =  N  — 

dl 


(18.14) 


Mutual  inductance,  which  is  related  to  the  degree 
of  coupling  between  windings,  can  be  determined  by 
connecting  the  primary  and  secondary  windings  in  se¬ 
ries,  first  so  that  the  two  magnetic  fields  set  up  are  in 
the  same  direction  (series  aiding)  and  then  so  the  mag¬ 
netic  fields  are  in  opposite  directions  (series  bucking), 
as  shown  in  Fig.  18.25(a). 


Equivalent  circuit  of  transformer:  Knowing  the  pri¬ 
mary,  secondary,  and  mutual  inductances,  one  can  pro¬ 
duce  an  equivalent  circuit  of  an  injection  transformer. 
One  such  circuit  is  the  Pi  circuit  of  Fig.  18.25(b).  If 
the  number  of  turns  on  the  primary  winding  is  equal  to 
the  number  on  the  secondary  winding  (the  usual  case), 
the  circuit  reduces  to  that  of  Fig.  18.25(c).  The  ba¬ 
sic  factor  governing  the  current  that  can  be  induced  is 
the  ratio  of  the  series  leakage  inductance  to  the  shunt 
magnetizing  inductance.  Leakage  inductance  is  not 
particularly  affected  by  saturation  of  the  transformer, 
but  saturation  does  affect  the  magnetizing  inductance. 
When  the  core  saturates,  the  shunt  impedance  drops 
to  a  low  value  and  diverts  current  from  the  conductor 
under  test. 


Complete  equivalent  circuit:  A  complete  equivalent 
circuit,  Fig.  18.26.  includes  the  parameters  of  the 
transient  generator  and  the  conductor  under  test,  and 
possibly  the  stray  capacitance  of  the  injection  trans¬ 
former. 

For  a  typical  small  i:\jection  transformer,  Fig. 
18.27(a),  the  measured  parameters  were  as  shown 
in  Fig.  18.27(b),  indicating  that  an  equivalent  circuit 
would  be  as  shown  in  Fig.  18.27(c). 

Effects  of  multiple  turns:  The  transformers  are  not 
constrained  to  be  operated  with  only  one  turn  on  each 
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winding  or,  for  that  matter,  with  the  same  number  of 
turns  on  the  two  windings.  Figs.  18.28  and  18.29  show 
qualitatively  some  of  the  ways  in  which  turns  on  one 
winding  or  the  other  affect  the  results  if  the  number 
of  turns  on  the  two  windings  are  not  equal.  For  in¬ 
stance,  if  the  conductor  under  test  is  looped  through 
the  core  several  times,  a  given  excitation  on  the  trans¬ 
former  will  produce  less  short  circuit  current,  more 
open  circuit  voltage,  and  a  decrease  in  the  frequency 
of  the  natural  oscillatory  mode  of  the  cable  under  test. 
If  there  are  more  turns  on  the  primary,  there  will  be 
more  short  circuit  current,  less  open  circuit  voltage, 
and  a  decrease  in  the  frequency  of  the  natural  oscilla¬ 
tory  mode  of  the  pulse  generator.  There  will  also  be  a 
longer  rise  time  of  the  current  and  voltage  pulses. 


Lf 


Li 

N, 


(0) 


L*  «  Lp  S  L,  IN  SERIES  AIDING 
L|  *  Lp  a  L,  IN  SCRIES  BUCKING 


*"7(l*-l,) 


*  •  Nj/Np 


i^ipd-K). 

•  *  L  p  *  .1 M 


l 


L|(l '  K  )  * 
L I  *lM 

»*KLp««M 


Lp(l-K)  Lp(l-K) 


(0 

Fig.  18.25  Development  of  equivalent  circuits. 

(a)  Basic  transformer  equations 

(b)  Equivalent  circuit  referred  to  secondary 

(c)  Circuit  if  N,  =  N.  and  L,  *  L, 
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Fig.  18.26  Complete  equivalent  circuit  of 
a  conductor  under  test. 


Lp  =  Ls  =  8.3  mH 
La =  28 
Lb  =  0.3  mH 
M  =  6.93  mH 
K  =  0.83 

Lp(l-K)  =  Lp,(l-K)  ■  1.38  mH 
(b)  KLp  =  3.93  mH 

1.38/xH  1.38/iH 

fc— 'Tnnnir' — r— jinnnnr' - 

input  36.93MH  output 


Fig.  18.27  Equivalent  circuit  of  a  typical  transformer. 

(a)  Core  dimensions 

(b)  Measured  and  derived  quantities 

(c)  Equivalent  circuit 


CONDUCTOR  UNDIR 
TIST 


Fig.  18  28  Effect  of  more  turns  on  secondary. 

Less  short  circuit  current 
More  open  circuit  voltage 
A  decrease  in  the  frequency  of  the  natural 
oscillatory  mode  of  the  cable  under  test 
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Fig.  18.29  Effect  of  more  turns  on  primary. 

-  More  short  circuit  current 

-  Less  open  circuit  voltage 

-  A  decrease  in  the  frequency  of  the  natural 
oscillatory  mode  of  the  cable  under  test 

-  A  longer  rise  time  of  the  current  pulse 

18.5  Measurements 

Indirect  effects  testing  involves  high  frequencies, 
high  voltage  and  high  current.  A  few  notes  on  mea¬ 
surement  techniques  follow.  Additional  notes  on  mea¬ 
surement  techniques  are  given  in  [18.4]. 

Oscilloscopes:  Measuring  oscilloscopes  should  have 
sufficient  bandwidth,  on  the  order  of  100  MHz  or 
greater.  They  should  also  be  well  shielded  against  in¬ 
terference  from  the  surge  generators  and  the  circuit  un¬ 
der  test.  Frequently  this  requires  that  they  be  housed 
in  a  shielding  enclosure  and  physically  as  far  from  the 
test  setup  as  possible.  Techniques  were  previously  dis¬ 
cussed  in  §13.4.3  and  Fig.  13.20. 

Voltage  probes:  Conventional  high  impedance  volt¬ 
age  probes  are  limited  to  input  voltages  of  about  1000 
volts  and  are  somewhat  susceptible  to  pickup  of  noise 
voltages.  Since  impedances  of  the  circuits  under  test 
are  generally  low,  suitable  voltage  probes  can  be  made 
from  carbon  resistors,  as  sketched  in  Fig.  18.30.  Wire 
wound  resistors  should  be  avoided  because  of  excessive 
inductance.  Total  resistances  of  several  thousands  of 
ohms  are  satisfactory,  distributed  among  several  resis¬ 
tors,  with  voltage  on  individual  1/2  watt  carbon  resis¬ 
tors  limited  to  about  1000  volts.  Instantaneous  power 
dissipated  in  the  resistors  may  be  high,  but  the  average 
power  is  low. 

Currant  transformers:  Most  measurements  of  cur¬ 
rent  are  made  using  current  transformers.  Transform¬ 
ers  that  are  well  shielded  and  that  have  wide  band- 
widths  are  commercially  available,  but  transformers 
sufficiently  suitable  for  many  purposes  can  also  be  cus¬ 
tom  wound  on  toroidal  magnetic  cores,  as  shown  in 
Fig.  18.31.  The  secondary  winding  should  be  uni¬ 
formly  wound  around  the  core  and  the  conductor  upon 


which  measurements  are  made  should  be  kept  near  the 
center  of  the  core.  Transformers  can  also  be  made 
using  split  cores.  These  simplify  insertion  onto  con¬ 
ductors,  but  have  poorer  low  frequency  response.  A 
good  discussion  of  the  factors  affecting  the  response  of 
current  transformers  appears  in  [18.5]. 


Fig.  18.30  Resistive  divider  for  measurement 
of  voltage. 

(a)  Circuit 

(b)  Evaluation  of  ratio 


Low  frequency  response:  An  equivalent  circuit  of  a 
current  transformer  is  shown  in  Fig.  18.32(a).  Pri¬ 
mary  current  induces  a  voltage  in  the  windings  pro¬ 
portional  to  the  derivative  of  the  current.  Because 
of  the  inductance,  L,  of  the  transformer  windings  the 
current  applied  to  the  viewing  resistor,  R ,  is  initially 
proportional  to  the  integral  of  the  voltage  and  thus  to 
the  input  current.  The  resistance,  however  prevents 
perfect  integration  and  the  result  is  that  the  output 
voltage  gradually  departs  from  the  true  waveshape  of 
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the  input  current.  TVansformer  specifications  generally 
give  this  departure  as  the  rated  droop,  Fig.  18.32(b). 
Care  must  be  taken  that  the  droop  is  not  excessive  for 
the  pulse  waveshape  being  observed.  Split  core  trans¬ 
formers,  particularly  the  small  clanjp-  on  transformers 
illustrated  in  Chapter  13,  Fig.  13.18(a),  are  prone  to 
have  excessive  droop. 

Rogowski  coils:  If  pulse  length  and  amplitude  are  such 
that  conventional  current  tranformers  ere  unsuitable, 
Rogowski  coils  are  an  alternative.  A  Rogowski  coil, 
Fig.  18.33,  consists  of  a  helical  coil  of  wire  surrounding 
the  current  to  be  measured. 


Fig.  18.32  Droop  in  a  current  transformer. 
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(b)  Section  A- A 
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Fig.  18.33  Rogowski  coil. 

(a)  Configuration  of  windings 

(b)  Configuration  of  shield 

(c)  Active  integrator 


The  output  from  a  Rogowski  coil  is  proportional 
to  the  derivative  of  current  and  must  be  integrated 
to  yield  the  true  waveshape.  Passive  RC  integrators 
are  sometimes  suitable,  particularly  for  rapidly  chang¬ 
ing  transients,  but  in  general,  active  integrators,  Fig. 
18.33(c),  are  better. 

Rogowski  coils  are  characterized  by  a  mutual  in¬ 
ductance,  M ,  related  to  the  dimensions  of  the  coil. 

M  =  n(~)2  H  (18.15) 

where 


n  =  turns  per  unit  length 
a  =  radius  of  coil 
d  =  diameter  of  coil  form 

For  a  given  coil,  and  an  integrator  time  constant  of 
RC,  the  output  is 


Resistive  shunts:  Resistive  shunts,  particular  those 
having  a  coaxial  construction,  are  useful  for  measur¬ 
ing  the  short  circuit  current  from  a  generator  and  for 
calibrating  current  transformers  and  Rogowski  coils. 
They  can  seldom  be  used  for  measuring  current  in¬ 
duced  into  conductors  under  test  because  they  must 
be  operated  with  one  terminal  connected  to  ground. 

18.6  Procedures  for  Pin  Injection  Tests 

Pin  injection  tests  are  performed  primarily  to 
check  for  damage  tolerance.  Checking  for  circuit  upset 
is  difficult,  principally  because  a  direct  connection  of  a 
generator  to  a  wire  drastically  changes  the  topology  of 
the  circuit.  How  the  tests  stress  internal  components 
depends  on  several  factors,  but  two  generic  configura¬ 
tions  predominate;  ungrounded  and  grounded  systems. 

Whether  or  not  the  types  of  voltage  applied  to  the 
pins  duplicate  the  types  of  voltage  observed  in  service 
is  a  question  that  may  be  beyond  the  scope  of  this 
discussion.  Most  commonly  the  tests  are  made  with 
standardized  waveforms  and  should  be  viewed  only  as 
an  evaluation  of  the  effects  of  lightning,  not  as  a  du¬ 
plication  of  the  effects. 

18.6.1  Ungrounded  systems 

This  situation  is  illustrated  in  Fig.  18.34.  The 
case  of  the  equipment  under  test,  EUT,  is  grounded, 
but  internal  circuits  are  left  ungrounded,  including 
ground  planes  or  ground  buses  if  they  are  such  that 
there  is  not  a  permanent  connection  between  them 
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and  the  equipment  case.  If  internal  ground  circuits 
are,  in  fact,  permanently  connected  to  the  case,  then 
the  configuration  is  not  applicable. 


Fig.  18.34  Pin  injection  on  an  ungrounded  system. 

The  test  procedure  is: 

1.  Ground  the  case  of  the  EUT  to  the  local  ground 
system. 

2.  Remove  all  cables  connecting  the  EUT  to  other 
equipment,  except  possibly  those  supplying  power 
to  the  unit. 

Questions  regarding  the  input  power  leads,  and 
whether  the  EUT  should  be  powered,  deserve  spe¬ 
cial  attention.  If  the  voltage  of  the  system  power 
is  greater  than  about  10%  of  the  applied  voltage, 
or  if  the  unit  includes  solid  state  devices,  it  is  best 
to  make  tests  with  the  EUT  powered  since  the 
power  connections  can  change  the  way  that  test 
current  distributes  in  the  EUT.  A  full  discussion 
is,  however,  beyond  the  scope  of  this  chapter. 

3.  Adjust  the  power  level  of  the  surge  generator  and 
verify  that  open  circuit  voltage  is  of  the  correct 
magnitude  and  waveshape.  Once  set,  the  power 
level  of  the  generator  should  remain  fixed  for  all 
tests  at  that  nominal  level. 

4.  Verify  that  the  generator  has  the  correct  source 
impedance, 

This  may  be  done  by  connecting  to  the  output 
a  resistor  equal  to  the  specified  generator  imped¬ 
ance  and  observing  that  the  voltage  under  load 
drops  to  half  the  open  circuit  voltage.  It  may  also 
be  done  by  shorting  the  output  and  observing  that 
the  specified  short  circuit  current  flows. 


5.  If  applicable,  close  switches  or  relays  to  connect 
internal  circuit  components  to  the  pins  of  the  con¬ 
nector  under  test.  Temporary  wiring  across  relays 
and  switches  is  allowable. 

6.  Apply  the  specified  surge  to  each  pin,  one  pin  at 
a  time. 

Internal  connections  between  pins  may  make  some 
of  the  tests  redundant,  but  connecting  all  pins  to¬ 
gether  and  applying  the  surge  to  all  pins  simul¬ 
taneously  is  not  generally  permissible,  except  for 
very  simple  circuits. 

7.  Monitor  and  record  applied  voltage  and  current. 

Current  should  be  small  unless  breakdown  of  in¬ 
sulation  takes  place  and  voltage  should  not  be 
greatly  different  from  the  open  circuit  voltage. 
This  observation  does  not  apply  to  circuits  fit¬ 
ted  with  protective  devices  or  filters.  These  are 
discussed  in  §18.5.3. 

Permanent  records  should  be  made  of  the  ini¬ 
tial  magnitude  and  waveshape,  but  making  per¬ 
manent  records  to  document  each  and  every  ap¬ 
plied  pulse  would  probably  be  superfluous,  unless 
breakdown  is  observed. 

8.  After  the  test  has  been  completed,  energize  the 
equipment,  observe  whether  operation  is  normal 
and,  if  not,  record  any  abnormalities. 


Number  and  polarity  of  applied  surges:  These  should 
be  discussed  in  a  test  plan,  but  testing  practice  is  still 
evolving  and  there  is  not  yet  a  consensus  of  opinion 
among  laboratories  and  organizations  as  to  best  prac¬ 
tice.  Suggestions  have  been  made  that  each  pin  should 
receive  10  pulses  of  each  polarity  for  each  of  the  spec¬ 
ified  test  waves. 

Care  should  be  taken  in  specifications  that  the 
test  does  not  become  unwieldy.  The  product  of  two 
polarities,  X  pulses  per  pin,  Y  pins  and  Z  waveforms 
con  become  excessive. 


Type  of  stress  applied:  This  type  of  test  is  most  com¬ 
monly  done  by  applying  common  mode  voltages  and 
primarily  stresses  insulation  between  components  and 
case,  V  as  shown  in  Fig.  18.34.  Some  current,  /  in  the 
figure,  may  flow  through  internal  circuit  components, 
but  it  will  be  small  because  there  is  no  direct  metal 
connection  to  the  return  side  of  the  generator. 
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Application  of  common  mode  voltage  most  nearly 
duplicates  the  condition  where  all  wires  entering  the 
EUT  originate  at  a  common  point. 

DC  and  low  frequency  hipot  tasting:  An  evaluation 
should  be  made  of  the  type  of  device  under  test  and 
the  possible  failure  modes.  In  many  cases,  conducting 
a  series  of  tests  with  all  the  various  surge  waveshapes 
specified  in  the  standardized  lightning  environment 
may  represent  unnecessary  work  and  expense.  Con¬ 
ventional  DC  and  low  frequency  high  potential  tests 
may  be  all  that  is  actually  needed,  particularly  if  only 
electromechanical  devices  are  involved. 

18.6.2  Grounded  systems 

This  situation  is  illustrated  in  Fig.  18.35(a).  The 
case  of  the  EUT  is  grounded  and  internal  ground  cir¬ 
cuits  as  well.  The  ground  connection  may  either  be 
made  internally,  path  A ,  if  that  is  the  normal  mode 
of  connection,  or  externally,  path  B.  If  path  A  is 
normally  the  only  mode  of  grounding,  then  the  tests 
should  include  injection  onto  the  ground  pin  in  order  to 
determine  whether  the  internal  ground  path  can  carry 
the  surge  current.  An  external  ground  path  should  be 
applied  only  after  making  the  tests  on  the  ground  pin. 

An  external  ground  connection  should  normally 
be  made  to  the  local  ground  system  and  not,  as  in 
Fig.  18.35(b)  through  impedance  to  a  remote  ground 
point.  If  a  remote  ground  is  actually  used  on  the  EUT, 
then  the  matter  deserves  special  study. 


Fig.  18.35  Pin  injection  on  a  grounded  system. 


The  test  procedure  is  basically  the  same  as  in 
§18.5.1.  Tests  should  be  applied  to  each  pin,  one 
pin  at  a  time,  with  the  possible  exception  of  any  pin 
connecting  the  internal  ground  bus  to  an  external  lo¬ 
cal  ground.  If  the  ground  bus  is  grounded  internally, 
pulses  should  still  be  applied  to  grounded  pins,  in  or¬ 
der  to  verify  that  ground  wiring  is  capable  of  carrying 
surge  currents. 

Type  of  stress  applied:  This  type  of  test  stresses  in¬ 
sulation  between  components  and  case,  but  also  allows 
current  to  flow  through  components  to  the  ground  bus, 
I  as  shown  in  Fig.  18.35,  and  thus  may  provide  a  ther¬ 
mal  stress  to  components  as  well.  Whether  or  not  such 
current  does  flow  depends  on  the  type  of  circuit  and 
may  depend  on  whether  the  system  is  powered  or  not. 

For  some  types  of  circuit  element  it  may  make  lit¬ 
tle  difference  whether  or  not  the  interned  ground  buses 
are  grounded.  Such  may  be  the  case  with  the  inductive 
device  shown  at  the  top  of  Fig.  18.34.  If  a  EUT  is  to 
be  tested  under  both  conditions,  §18.5.1  and  §18.5.2,  it 
is  probably  better  to  repeat  the  tests  on  such  compo¬ 
nents,  rather  than  trying  to  analyze  whether  the  tests 
might  be  redundant.  There  may  be  internal  circuit 
paths  not  readily  revealed  by  inspection. 

Effects  of  circuit  loading:  Circuit  loading  may  result 
in  the  voltage  actually  developed  on  a  pin  being  lower 
in  magnitude  than  observed  under  open  circuit  condi¬ 
tions.  This  is  a  normal  response  and  the  power  level  of 
the  surge  generator  should  not  be  adjusted  to  compen¬ 
sate.  It  is  because  the  circuit  may  load  the  generator 
that  impedance  of  generators  is  controlled. 

18.6.3  Protected  Circuits 

Some  circuits,  as  in  Fig.  18.36,  may  be  fitted  with 
filters  and  others  may  be  fitted  with  circuit  protective 
devices,  such  as  spark  gaps,  metal  oxide  varistors  or 
protective  diodes.  As  a  general  practice,  these  should 
be  left  connected  during  the  test  since  one  of  the  rea¬ 
sons  for  making  tests  is  to  verify  that  the  protective  de¬ 
vices  can  withstand  the  surge  currents  that  flow  when 
the  devices  operate. 

Status  of  protactiva  davlcas:  Even  if  the  EUT  ap¬ 
pears  to  function  normally  after  the  test,  some  type  of 
inspection  should  be  made  to  verify  that  the  protective 
devices  have  not  been  damaged.  A  visual  inspection 
may  be  sufficient,  but  if  the  test  currents  are  known 
to  have  approached  the  limits  of  the  protective  device 
a  more  detailed  inspection  may  be  appropriate. 
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Protective  margin:  If  the  EUT  functions  normally  af¬ 
ter  the  test  it  is  probably  safe  to  assume  the  protection 
was  adequate,  but  there  may  still  remain  a  question 
about  how  much  protective  margin  the  protective  de¬ 
vices  offer.  Possibly  the  circuit  was  just  on  the  edge 
of  failure  and  a  slightly  less  effective  protector  would 
have  allowed  failure.  During  engineering  development 
it  might  be  appropriate  to  determine  whether  the  pro¬ 
tective  margin  is  satisfactory. 

If  an  assessment  of  protective  margin  is  desired,  a 
suitable  test  procedure  might  be  as  follows. 

1.  Apply  the  normal  test  to  the  lead  and  measure 
the  voltage  developed  on  the  circuit. 

2.  Reduce  the  power  level  of  the  surge  generator  to 
zero. 

3.  Disconnect  the  protective  device. 

Filters  are  not  involved  in  questions  of  protective 
margin  and  should  not  be  disconnected. 

4.  Apply  surges  to  the  unprotected  lead,  starting  at 
a  low  power  level  and  increasing  the  level  until  the 
peak  voltage  developed  is  greater  than  it  was  in 
step  1  by  an  appropriate  margin.  The  waveshape 
of  the  voltage  will  most  likely  be  different  from 
that  developed  in  step  1. 

What  constitutes  an  appropriate  margin  shopld 
be  spelled  out  in  the  test  plan.  A  margin  of  30% 
may  be  appropriate, 

•5.  Reconnect  the  protective  device  and  test  the  cir¬ 
cuit  for  proper  operation. 

It  is  not  appropriate  to  disconnect  the  protective 
devices  and  then  apply  full  level  surges.  The  purpose 


of  the  protective  devices  is  to  relieve  the  circuit  of  hav¬ 
ing  to  withstand  full  amplitude  surges. 

18.7  Procedures  for  Transformer  Injection 
Tests 

Procedures  depend  somewhat  on  the  objectives  of 
the  test  and  how  the  induced  lightning  threat  is  devel¬ 
oped  for  the  equipment  under  test.  Test  procedures 
are  still  evolving  and  there  is  not  as  yet  uniformity 
among  the  various  testing  groups  and  agencies.  Test 
practices  may  involve  ambiguities  that  have  not  yet 
been  resolved. 

18.7.1  Adjustment  of  Power  Level 

The  most  prominent  of  these  involves  some  ra¬ 
tional  method  of  adjusting  the  power  level  of  the 
surge  generator  to  the  impedance  characteristics  of  the 
equipment  and  cable  system  under  test.  Several  fun¬ 
damentally  different  approaches  are  possible. 

1.  Adjust  the  generator  circuit  and  power  level  to 
deliver  specified  waves  to  an  agreed  upon  dummy 
circuit.  Then  apply  the  circuit  to  the  EUT  and 
let  I  and  V  be  what  they  may. 

2.  Adjust  the  circuit  and  power  level  to  deliver  spec¬ 
ified  I  (or  V)  to  the  EUT,  using  whatever  gener¬ 
ator  may  be  required. 

3.  Determine  what  power  setting  gives  a  specified  V 
(or  /).  Treat  this  as  a  maximum  power  level  for 
the  test.  Then  adjust  the  power  level  to  give  a 
specified  I  (or  V)  without  exceeding  the  maxi¬ 
mum  power  level. 

For  the  following  discussions  these  three  different 
approaches  will  be  referred  to  as  the  “dummy  circuit,” 
tht  “Yellow  Book,”  and  the  “Modified"  approaches, 
although  these  are  not  names  in  widespread  use. 

18.7.2  Procedures  for  Waveforms  1  and  2. 

The  transformer  and  pulse  generator  must  be 
adjusted  together  to  deliver  the  required  short  cir¬ 
cuit  current  or  the  appropriate  open  circuit  voltage 
waveforms.  Generally  the  tests  involve  generating  ei¬ 
ther  (but  not  both)  the  specified  short  circuit  cur¬ 
rent  (Waveform  1)  or  the  specified  open  circuit  voltage 
(Waveform  2),  whichever  is  appropriate  to  the  imped¬ 
ance  of  the  circuit  under  test. 

Calibration  on  a  dummy  circuit:  Original  proposals 
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(18.C,  18.7]  regarding  TCL  tests  were  based  on  the 
premise  that  the  test  was  intended  to  simulate  the  ef¬ 
fects  of  a,  given  amount  of  magnetic  flux  and  not  to 
circulate  a  specified  current  through  the  cable  actually 
under  test  or  to  develop  a  specified  voltage  at  the  ter¬ 
minals  of  the  device  under  test.  The  current  through 
the  actual  cable  under  test,  or  the  actual  voltages  de¬ 
veloped  at  the  terminal  of  the  EUT,  would  then  be 
different  by  an  amount  depending  on  how  much  the 
actual  impedance  of  the  interconnecting  cable  differed 
from  that  of  the  dummy  cable. 

The  calibration  procedure  proposed,  Fig.  18,37, 
was  to  place  the  injection  transformer  onto  a  dummy 
cable  of  specified  size  and  length,  and  hence  specified 
impedance,  and  then  to  adjust  the  power  level  of  the 
surge  generator  until  the  desired  short  circuit  current 
was  obtained.  The  dummy  cable  was  then  open  cir¬ 
cuited  and  a  check  made  to  see  that  the  desired  open 
circuit  voltage  could  be  developed. 


Fig.  18.37  Calibration  on  a  dummy  circuit. 

The  transformer  was  then  to  be  placed  on  the 
cable  under  test.  The  magnitudes  of  the  current  and 
voltage  induced  on  the  cable  were  to  be  recorded,  but 
the  power  level  of  the  surge  generator  was  not  to  be 
changed  from  that  determined  during  the  calibration, 

The  practice  that  has  come  to  be  most  common 
is  a  variant  of  the  originally  suggested  practice.  Open 
circuit  voltage  is  measured  on  a  single  turn  winding 
threaded  through  the  core,  often  made  a  permanent 
part  of  the  injection  transformer.  Short  circuit  cur¬ 
rent  is  measured  on  a  wire  of  minimum  length  threaded 
through  the  core,  generally  of  #  10  to  #14  AWG  di¬ 
ameter. 

"Ytllow  book”  approach  No.  1:  This  approach,  not 
specifically  labeled  as  No.  1  in  [18.8],  involves  calibrat¬ 
ing  the  transformer  with  the  actual  cable  that  would 
be  used  during  the  test,  or  a  close  replica  thereof.  The 


actual  calibration  procedure  depends  on  the  objective 
of  the  test. 

The  basic  approach  is  to  develop  the  specified 
voltage  amplitude  and  waveshape  on  a  cable.  The 
generator  is  adjusted  to  deliver  that  voltage  on  the 
cable,  as  measured  by  a  voltage  probe  connected  to 
one  of  the  cable  wires  open  at  one  end  and  grounded 
at  the  other  end.  The  cable  is  then  shorted  and  the 
short  circuit  current  noted  to  verify  generator  source 
impedance.  The  cable  is  then  connected  to  the  EUT 
and  the  appropriate  number  of  tests  applied. 

For  a  low  impedance  cable,  generally  low  by  virtue 
of  an  overall  shield  grounded  at  each  end,  tests  involve 
delivering  a  specified  short  circuit  current.  The  out¬ 
put  of  the  surge  generator  is  adjusted  to  deliver  that 
current,  as  measured  by  a  measuring  current  trans¬ 
former  placed  over  the  shorted  cable.  The  appropriate 
number  of  pulses  are  then  applied  to  the  system. 

"Yellow  book”  approach  No.  2:  This  approach,  not 
specifically  labeled  as  No.  2  in  [18.8],  is  applicable  if 
the  cable  under  test  does  not  duplicate  the  actual  ve¬ 
hicle  cable.  The  recommended  procedure  is  as  follows. 

1 .  Clamp  the  injection  transformer  over  the  open  cir¬ 
cuited  test  cable. 

2.  Adjust  the  generator  until  the  desired  open  circuit 
voltage  is  obtained.  Record  the  setting,  Sv  of  the 
generator. 

If  the  cable  cannot  be  readily  open  circuited,  then 
the  open  circuit  voltage  can  be  measured  on  a 
single  turn  measuring  loop  on  the  injection  trans¬ 
former. 

3.  Short  the  cable  and  adjust  the  generator  until  the 
desired  short  circuit  current  is  obtained.  Record 
the  setting,  5,  of  the  generator. 

4.  Connect  the  cable  to  the  EUT. 

5.  Reduce  the  power  level  of  the  generator  to  zero. 

6.  If  Sv  <  Si,  adjust  the  power  level  of  the  generator 
until  either  the  desired  current  is  obtained  or  the 
setting  reaches  S„.  Apply  the  appropriate  number 
of  pulses. 

7.  If  Si  <  Sv,  adjust  the  power  level  of  the  generator 
until  either  the  desired  circuit  voltage  is  obtained 
or  the  setting  reaches  S,.  Apply  the  appropriate 
number  of  pulses. 
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Modified  approach:  This  procedure  calls  only  for  ad¬ 
justing  the  induced  voltage  magnitude  to  a  specified 
maximum  value.  A  separate  adjustment  is  not  made 
for  short  circuit  current  since  the  current  would  be  re¬ 
lated  to  the  voltage  by  the  specifications  of  generator 
impedance. 

The  open  circuit  voltage  is  measured  on  a  single 
turn  calibration  winding  on  the  injection  transformer 
and  the  surge  generator  power  setting  is  increased  un¬ 
til  the  specified  voltage  is  obtained,  at  which  point  the 
generator  setting  Sv  is  noted.  The  waveshape  of  the 
open  circuit  voltage  should  also  be  noted.  The  imped¬ 
ance  characteristics  of  the  injection  transformer  and 
surge  generator  are  assumed  to  oe  basically  sound  if 
the  requisite  voltage  waveshape  is  obtained. 

The  test  procedure  is  as  follows: 

1.  Connect  the  various  pieces  of  equipment  under 
test  with  suitable  cables. 

Present  drafts  [18.9]  of  test  procedures  do  not 
clearly  address  the  question  of  what  is  suitable, 
but  evolving  practice  suggests  using  the  actual  ca¬ 
ble  configuration  if  possible.  If  the  length  or  con¬ 
struction  of  the  actual  cables  is  not  known  then 
the  tests  should  be  made  using  the  best  estimate 
of  the  actual  lengths  or  construction.  If  the  actual 
cables  are  too  long  for  a  practical  test  program, 
then  test  cables  of  shorter  length  may  be  used, 
but  the  method  of  shielding  and  termination  of 
shields  should  replicate  the  actual  cables  as  far 
as  it  is  practical.  Specially  fabricated  test  cables 
should  be  a  minimum  of  two  meters  long,  this  be¬ 
ing  a  reflection  of  EMI /EMC  test  practices. 

2.  Position  the  injection  and  monitoring  transform¬ 
ers  as  shown  in  Fig.  18.38. 


Oscilloscope 


Fig.  18.38  Test  setup  for  injection  of  waveforms 
1  and  2. 


3.  Increase  the  power  level  of  the  surge  generator 
until  either  (a)  the  specified  current  is  obtained 
or  (b)  the  setting  Sv  is  reached. 

4.  Apply  the  requisite  number  of  pulses. 

18.7.3  Procedures  for  Oscillatory  Waveforms 

Procedures  for  injecting  oscillatory  currents  are 
basically  the  same  as  for  waveforms  1  and  2,  but  test 
practices  differ  as  to  the  number  of  frequencies  at 
which  tests  must  be  made. 

“Yellow  book”  approach:  Early  guidelines  [18.8]  rec¬ 
ommended  making  tests  for  assessment  of  damage  at 
two  frequencies,  1  MHz  and  10  MHz.  More  recent 
proposals  [18.9,  18.10]  call  for  assessment  of  upset  at 
multiple  frequencies  between  1  and  50  MHz  of  systems 
that  might  be  susceptible  to  upset  or  damage  at  other 
frequencies. 

The  waveforms  that  can  be  developed,  and  the 
ratio  of  voltage  to  current,  are  more  strongly  influ¬ 
enced  by  impedances  of  the  test  circuit  than  in  the 
case  of  waveforms  1  and  2.  Cable  impedance  and  the 
impedance  of  the  test  generator  are  both  important. 
The  SAE  AE-4L  requirements  on  the  source  imped¬ 
ance  of  the  surge  generator  and  injection  transformer 
are  that  together  they  be  capable  of  delivering  into 
an  open  circuit  a  specified  voltage  and  deliver  into  a 
short  circuit  a  specified  current.  The  ratio  of  voltage 
to  current  (peak  values)  is  to  be  25,  but  there  are  no 
specific  frequency  characteristics  specified.  Many  gen¬ 
erators  have  a  resistive  frequency  characteristic,  but 
the  source  impedance  is  not  constrained  to  be  resis¬ 
tive. 

The  test  procedure  would  be  as  follows: 

1.  Remove  the  injection  transformer  from  the  test 
cable. 

2.  Adjust  the  generator  until  the  desired  open  circuit 
voltage  is  obtained,  as  measured  on  a  single  turn 
calibration  winding.  Record  the  setting,  Sv  of  the 
generator. 

3.  Clamp  the  injection  transformer  to  a  short  cir¬ 
cuited  loop  of  wire  and  measure  the  short  circuit 
current.  The  ratio  of  voltage  to  current  should  be 
25,  within  an  agreed  upon  tolerance. 

4.  If  the  short  circuit  current  is  not  correct,  or  if  the 
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test  specifications  call  for  voltages  and  currents 
other  than  those  specified  by  [18.8],  adjust  the 
generator  until  the  desired  short  circuit  current  is 
obtained.  Record  the  setting,  Si  of  the  generator. 

5.  Insert  the  injection  transformer  over  the  cable  un¬ 
der  test. 

6.  Reduce  the  power  level  of  the  generator  to  zero. 

7.  If  Sv  <  Si,  adjust  the  power  level  of  the  gener¬ 
ator  until  either  the  desired  current  is  obtained 
on  the  cable  or  the  setting  reaches  S».  Apply  the 
appropriate  number  of  pulses. 

8.  If  Si  <  Sv,  adjust  the  power  level  of  the  generator 
until  either  the  desired  circuit  voltage  is  obtained 
or  the  setting  reaches  5,\  Apply  the  appropriate 
number  of  pulses. 

Alternative  verification  of  impedance:  An  alternative 
means  of  verifying  the  correct  functioning  of  the  surge 
generator  and  transformer,  is  to  measure  open  circuit 
voltage,  and  then  verify  that  the  voltage  falls  by  50% 
when  a  25  ohm  resistive  load  is  connected  to  the  trans¬ 
former.  This  method  is  most  appropriate  when  the 
impedance  of  the  generator  and  transformer  is  known 
to  be  predominantly  resistive. 

Modified  multiple  frequency  approach:  The  ap¬ 
proach  starts  by  measuring  the  impedance  of  the  cable 
under  test  using  an  impedance  analyzer  or  a  calibrated 
RF  receiver.  The  recommended  measuring  setup  is 
shown  in  Fig.  18.39,  and  a  typical  plot  of  cable  im¬ 
pedance  shown  in  Fig.  18.40.  Points  of  impedance 
maxima  and  minima  should  be  noted  as  they  may  in¬ 
dicate  frequencies  at  which  the  system  is  particularly 
susceptible  to  interference. 

Tests  are  made  at  the  above  frequencies,  plus  50 
frequencies  logarithmically  distributed  between  1  and 
50  MHz,  the  frequencies  being  given  by 

FMh.  =  l0»-««"“"<-»  (18.16) 

where  n  =  1,  2,  3  . .  .50. 

The  test  procedure  is  as  follows: 

1.  Position  the  injection  transformer  in  a  100  ohm 
test  jig,  described  in  [18.9],  and  adjust  the  power 
setting  of  the  surge  generator  to  achieve  the  volt¬ 
age  level  called  for  in  Table  18.1.  Record  the  set¬ 
ting  as  Sv, 

2.  Position  the  pieces  of  equipment  under  test  and 
connect  them  with  the  appropriate  cables. 


3.  At  each  of  the  above  frequencies,  start  with  the 
surge  generator  adjusted  for  a  low  power  level  and 
then  raise  the  surge  generator  level  until  either  the 
current  level  specified  in  Table  18.1  is  reached  or 
until  it  reaches  Sv. 

4.  Apply  the  requisite  number  of  pulses. 


5.  Upon  completion  of  the  test  series  verify  that  the 
operation  of  the  EUT  is  within  specifications. 


Receiver 


Fig.  18.39  Measurement  of  cable  impedance. 


Fig.  18.40  Typical  cable  impedance. 

18.8  Procedures  for  Ground  Circuit 
Injection 

Direct  injection  of  surges  into  equipment  ground 
points  is  an  appropriate  way  to  test  for  the  effects  of 
structural  ground  circuit  rises.  The  basic  test  setup 
is  shown  in  Fig.  18.41.  Any  lead  from  an  internal 
ground  point  is  connected  to  the  ground  stud  of  the 
equipment  case.  Cables  connecting  the  case  of  the 
EUT  to  other  pieces  of  equipment  should  be  installed 
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as  they  would  be  in  the  actual  installation.  The  EUT 
should  be  powered  in  its  normal  mode. 

The  test  procedure  would  be  as  follows: 

1.  Disconnect  the  surge  generator  from  the  EUT  and 
adjust  the  power  level  until  the  specified  open  cir¬ 
cuit  voltage  is  obtained.  Record  the  level  as  Sv. 
Also,  observe  that  the  voltage  waveshape  is  cor¬ 
rect. 

2.  Ground  the  output  of  the  surge  generator  and  ob¬ 
serve  that  the  current  is  of  the  correct  amplitude 
and  waveshape.  Note  that  the  current  waveshape 
does  not  need  to  be  the  same  as  that  of  the  voltage 
to  be  “correct.” 

3.  Reduce  the  power  setting  of  the  generator  to  zero. 

4.  Connect  the  surge  generator  to  the  ground  ter¬ 
minal  of  the  EUT  and  increase  the  output  until 
either  the  specified  current  flows  or  Sv  is  reached. 

5.  Apply  the  requisite  number  of  pulses. 

6.  Check  the  EUT  for  proper  operation. 


Fig.  18.41  Test  setup  for  ground  injection. 


18.8.1  Procedures  for  Ground  Injection  of 
Waveform  5 

Injection  of  Waveform  5  requires  special  attention 
because  of  its  amplitude  and  duration.  The  current 
may  impose  severe  duty  on  filters,  surge  suppression 
devices  and  shields  of  cables.  Fusing,  heating  to  a 
temperature  damaging  to  cable  insulation  and  spark¬ 
ing  with  resultant  interference  are  all  possible. 

Where  the  test  is  to  be  applied  to  a  system  com¬ 
posed  of  several  interconnected  pieces  of  equipment, 


it  may  be  necessary  to  insert  resistors  into  various 
ground  paths  to  force  the  injected  current  to  flow  in  the 
desired  paths.  Determination  of  the  required  resistors 
is  beyond  the  scope  of  this  material,  but  is  described 
in  [18.9]. 

18.9  Electric  and  Magnetic  Field  Tests 

Electric  and  magnetic  field  tests,  particularly 
those  performed  with  the  aid  of  constant  impedance 
strip  line  simulators,  have  mostly  been  performed  to 
check  for  NEMP  effects,  but  have  been  UBed  for  spe¬ 
cialized  purposes  in  studies  of  lightning  indirect  effects. 
Principally  those  have  had  to  do  with  evaluating  the 
shielding  properties  of  equipment  enclosures. 

FAA,  SAE  AE4L,  and  the  developing  DO  160C 
specifications  do  not  specifically  call  for  tests  using 
strip  lines,  but  allow  them  when  circumstances  war¬ 
rant.  The  SAE  “Yellow  book”  [18.8]  provides  some 
discussion  of  methods  of  making  strip  line  tests,  but 
neither  that  document  nor  the  SAE  “Orange  book” 
[18.10]  make  any  specific  recommendations  as  to  field 
levels. 

Further  discussion  of  strip  line  test  techniques  is 
beyond  the  scope  of  this  material. 

18.10  Levels  for  Tests 

Levels  at  which  to  conduct  tests,  and  the  wave¬ 
forms  to  be  used,  depend  somewhat  on  the  type  of 
test.  Broadly  speaking,  tests  in  which  voltages  and 
currents  are  coupled  to  the  pins  of  a  device  under  test 
should  be  done  at  one  of  the  levels  given  in  Tables  16.2 
and  16.3.  Tests  in  which  currents  are  injected  into  the 
shields  of  cables  should  be  done  at  the  levels  expected 
to  be  produced  by  lightning. 

Levels  and  waveshapes  should  be  specified  in  a 
test  plan  prepared  prior  to  the  test.  Some  guidance 
as  to  what  might  be  appropriate  levels  is  given  in  the 
following  sections. 

18.10.1  Pin  Injection  Tests 

The  most  common  reason  for  making  pin  injection 
tests  is  to  establish  that  the  EUT  will  survive  certain 
arbitrarily  chosen  voltages  and  currents.  Unless  there 
are  specific  reasons  to  the  contrary,  it  is  recommended 
that  levels  be  chosen  from  those  of  Tables  16.2  and 
16.3.  Waveforms  2  and  3  of  Fig.  16.12  are  probably 
the  ones  most  representative  of  what  will  be  coupled 
to  pins  as  a  result  of  lightning  attachment  to  metallic 
airframes.  These  imply  that  the  transient  generator 
should  have  an  impedance  of  5  -  25  ohms. 
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Waveforms  4  and  5  are  prominant  in  composite 
structures  with  Waveform  5  dominant  on  low  imped¬ 
ance  circuits.  To  evaluate  their  effects,  generator  im¬ 
pedances  of  0.1  to  5  ohms  are  appropriate. 

Some  combination  of  all  these  waveforms  will  gen¬ 
erally  be  present  at  some  amplitude.  Since  these  tests 
are  intended  to  evaluate  damage,  only  the  most  severe 
patterns  of  amplitude  and  energy  content  need  to  be 
applied  to  equipment. 

18.10.2  Transformer  Injection  Tests 

Injection  into  unshielded  circuits:  Injection  into  un¬ 
shielded  circuits  is  most  commonly  done  to  evaluate 
whether  upset  will  occur  with  certain  arbitrarily  cho¬ 
sen  voltages  and  currents.  Unless  there  are  specific  rea¬ 
sons  to  the  contrary  the  levels  of  Tables  16.2  and  16.3 
should  be  used,  just  as  with  pin  injection  tests.  Imped¬ 
ance  of  the  source,  transient  generator  and  coupling 
transformer  is  a  valid  consideration  since  the  coupled 
transients  may  manifest  themselves  either  as  voltage 
or  current,  according  to  the  impedance  of  the  circuit 
under  test.  Effective  impedances  of  5  -  25  ohms  are 
appropriate. 

Injection  into  shielded  circuits:  Injection  into  over¬ 
all  shields  of  cables  (shields  grounded  at  both  ends) 
is  most  commonly  done  to  evaluate  the  effectiveness 
of  the  shields  and  to  see  if  the  EUT  will  be  affected 
by  the  residual  signals  coupled  through  the  shield  to 
the  conductors  in  the  shield.  Current  levels  should  ap¬ 
proximate  those  expected  to  be  produced  by  lightning, 
but  estimating  the  required  currents  is  a  task  totally 
separate  from  the  conduct  of  the  verification  tests. 

Source  impedance  is  of  little  concern  as  long  as 
the  overall  shield  is  continuous,  grounded  at  each  end 
and  able  to  carry  current.  Under  such  conditions  the 
important  consideration  is  the  amount  and  waveshape 
of  the  induced  current.  Source  impedance  is  only  of 
concern  for  tests  on  shielded  cables  when  an  attempt 
is  made  to  observe  the  effects  if  the  continuity  of  the 
overall  shield  is  broken  or  degraded.  Otherwise  there 
is  little  reason  to  be  concerned  with  what  the  open 
circuit  voltage  might  be  on  an  unshielded  circuit  if  the 
circuit  is,  in  fact,  always  going  to  be  shielded. 

18.10.3  Ground  Injection  Tests 

Ground  injection  tests  are  generally  made  to  eval¬ 
uate  the  effects  of  airframe  IR  voltage  on  circuits  with 
references  to  different  points  on  the  airframe.  Most 
commonly,  such  circuits  will  be  fitted  with  protective 
devices  or  contained  in  cables  with  overall  shields. 

Tfests  should  be  done  at  current  levels  determined 
by  the  techniques  discussed  in  Chapters  10  -  14.  Gen¬ 


erator  source  impedance  is  an  important  consideration 
since  structural  voltage  rises  imply  very  low  source  im¬ 
pedance.  Ideally,  test  generators  should  have  imped¬ 
ances  of  a  fraction  of  an  ohm.  If  higher  impedance 
generators  are  used,  care  must  be  taken  to  ensure  that 
the  requisite  current  is  obtained. 

18.11  Precautions  Regarding  Support 
Equipment 

Most  tests  require  the  EUT  to  be  supported  and 
monitored  by  equipment  that  is  not  normally  installed 
in  the  aircraft,  Experience  has  shown  that  many  of  the 
problems  involved  in  performance  of  lightning  indirect 
tests  involve  the  support  equipment.  It  has  also  shown 
that  some  supposed  “failures”  of  the  equipment  under 
test  have  really  been  caused  by  the  support  equipment  . 
Problems  can  occur  either  because  of  malfunction  of 
the  support  and  monitoring  equipment  or  because  the 
leads  to  that  equipment  provide  extraneous  coupling 
paths  into  the  EUT. 

Care  should  be  taken  that  this  equipment  and 
the  connecting  leads  are  well  protected  against  light¬ 
ning  indirect  effects  since  the  test,  of  necessity,  sub¬ 
jects  the  support  equipment  to  as  severe  a  test  as  it 
does  the  equipment  being  monitored.  As  a  minimum, 
all  leads  connecting  the  monitoring  equipment  to  the 
EUT  should  be  shielded.  Often  it  is  appropriate  to  use 
copper  tubing  for  the  shields.  If  monitoring  equipment 
is  connected  to  the  internal  circuits  of  the  EUT,  opti¬ 
cal  isolation  devices  are  appropriate.  Also,  the  mon¬ 
itoring  equipment  should  be  as  far  from  the  EUT  as 
possible  in  order  to  minimize  direct  radiation  from  the 
test  circuit  and  EUT  into  the  monitoring  equipment. 

18.12  Safety 

Indirect  effects  testing,  particularly  at  high  power 
levels,  involves  the  use  of  test  equipment  operating  at 
voltage  levels  high  enough  to  be  lethal.  Safety  precau¬ 
tions  are  essential  and  must  be  addressed  in  test  plans 
or  laboratory  procedures.  Some  minimal  precautions 
are  as  follows. 

1.  Limit  access  to  the  test  area  to  those  operating 
the  test  equipment. 

2.  Provide  all  capacitor  banks  with  a  grounding  stick 
or  switch.  Never  touch  a  capacitor  until  it  has 
been  verified  that  the  grounding  stick  or  switch  is 
in  place. 

3.  Consider  placing  all  high  voltage  equipment  into  a 
test  cage  fitted  with  interlocks  that  prevent  ener¬ 
gizing  high  voltage  power  supplies  until  all  access 
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doors  are  closed. 

4.  Thoroughly  ground  all  measuring  leads  and  leads 
to  support  equipment  as  they  leave  the  test  area. 

5.  If  the  test  might  cause  fragmentation  of  an  item 
under  test,  use  barriers  to  prevent  fragments  from 
leaving  the  test  area. 
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